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^^STRACT 


This  report  presents  the  results  of  a  review  of  1178 
technical  documents  dealing  with  human  factors  considerations 
in  electronic  flight  display  systems.  Design-oriented  human 
factors  data  are  presented  for  the  following  families  of  design 
considerations;  display  size,  information  coding,  alphanumerics , 
scale  legibility,  visual  acuity,  display  system  resolution, 
flicker,  contrast  ratio  requirements,  and  environmental  variables 
including  ambient  illumination,  vibration  and  acceleration. 
Quantitative,  design-oriented  functional  relationships  are 
emphasized.  Research  recommendations  are  made  where  existing 
data  were  found  inadequate  for  design  use.  A  model  is  presented 
for  organizing  the  variables  impacting  upon  human  performance 
as  a  function  of  electronic  flight  display  system,  design. 
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SCOPE  OF  STUDY 


The  intent  of  the  study  herein  documented  was  to  collect, 
synthesize,  analyze,  and  to  present,  in  a  quantitative  form, 
the  cuirrently  available  design  data  needed  by  an  aircraft  display 
designer  to  produce  advanced  electronic  flight  displays  which 
satisfactorily  meet  the  pilots  perceptual  requirements.  The 
ultimate  goal  toward  which  the  program  is  directed  is  the 
evolution  of  a  complete  set  of  display  specifications  which. would 
assure  satisfactory  individual  displays  given  only  individual 
task  and  mission  requirements  have  been  initially  specified. 

In  the  past,  a  great  deal  of  effort  in  the  general  area  of 
determining  human  perceptual  characteristics  to  enhance  display 
design  capability  has  been  carried  out;  however,  only  recently 
have  attempts  been  made  to  organize,  analyze  and  consolidate 
this  information.  The  present  study  represents  the  first  attempt 
to  do  this  for  data  specifically  dealing  with  humc  perceptual 
characteristics  as  they  relate  to  the  design  of  electronic 
flight  displays. 

It  is  anticipated  that  the  study  results  presented  here, 
trhen  used  by  knowledgeable  display  designers  should  produce 
significant  advemces  in  the  perceptual  quality  of  future 
individual  electronic  flight  control  displays.  It  must,  however, 
be  emphasized  that  much  experimental  research  remains  to  be  done 
before  the  goal  of  a  self-contained  design  handbook  adequate  for 
the  formulation  of  an  arbitrary  display  capable  of  satisfying 
any  chosen  flight  control  task,  and  using  any  of  the  many 
electronic  display  media  and  techniques  available,  is  fully 
realized. 

The  humcui  factors  perceptual  data  available  to  date  in  the 
literature  has  dealt  with  CRT  presentations.  The  problems 
encountered  with  the  design  of  other  flexible  format  displays, 
such  as:  light  emitting  diode,  plcuiar  gas  discharge,  thin  film 
electroluminescent  phosphor,  liquid  crystal,  or  other  possible 
X-Y  matrix  addressable  displays,  are  presently  covered  only 
through  engineering  interpolation  of  the  existing  CRT  data.  In 
addition,  the  perceptual  requirements  imposed  by  the  use  of  the 
CRT  display  itself  remains  only  partially  dociimented  in  the 
literature.  To  compensate  for  this  lack  of  information  the 
present  study  has,  in  such  cases,  used  the  best  available  non- 
CRT  data  to  fill  the  voids  identified  in  the  literature.  This 
procedure  is  strictly  valid  only  where  supporting  experimental 
results  using  CRT's  justify  it.  In  large  part  such  testing  has 
not  been  carried  out,  and  caution  must  therefore  be  used  in 
applying  the  results. 


Because  a  knowledge  of  what  constitutes  the  minimum 
information  r^uired  to  specify  a  pilot  acceptable  display  is 
at  best  only  incompletely  kno%m,  the  data  needed  for  the  design 
of  such  displays  is  often  available  only  in  terms  of  variables 
not  applicable  to  display  design,  or  in  variable  ranges 
unimportant  to  such  designs.  The  present  effort  attempted 
wherever  possible  to  put  this  data  in  a  format  useful  for  display 
design.  It  non-the-less  remains  true  that  variables  of  specific 
design  interest  have  either  been  neglected  or  have  been  controlled 
insufficiently  during  the  human  factors  experiments.  Such  data 
has  '  een  included  where  no  better  data  is  available  together  with 
a  caution  as  to  the  applicability  of  the  data.  Due  to  the  lack 
of  uniformity  of  experimental  technique  between  different  studies 
and  due  to  the  subsequent  influence  this  has  on  the  results,  both 
the  human  factors  data  emd  as  much  as  possible  of  the  experimental 
environment  and  procedure  used  to  obtain  it,  are  provided  in  the 
report. 

To  sum  up,  mubh  experimental  research  remains  to  be  done  before 
a  handbook  containing  data  completely  independent  of  the  method 
used  to  acquire  it  will  become  a  reality.  In  the  interim  the 
present  study  will  provide  the  design  engineer  with  a  valuable 
design  tool  not  previously  available  to  him.  It  should  be 
reiterated,  however,  that  the  value  of  this  design  tool  depends 
on  whether  a  willingness  exists  on  the  part  of  the  designer  to 
objectively  evaluate  the  applicability  of  the  human  perceptual 
data  rather  than  to  use  it  blindly  without  regard  to  the  experi¬ 
mental  environment  in  which  it  was  taken  and  under  which  it  is 
valid. 


SECTION  I 


INTRODUCTION 


There  is  only  one  reason  for  a  display  to  exist.  It 
provides  an  operator  with  infonsation  which  he  needs  in  order  to 
control,  Banage  or  monitor  a  systens  process.  If  ail  processes 
could  be  managed,  monitored  or  controlled  through  direct 
observation  of  the  processes,  there  would  be  no  requirenent  fcr 
either  symbolic  or  pictorial  information  displays. 

Aerospace  requirements  for  flight  control,  system 
monitoring,  management,  navigation,  reconnaissance,  weapon 
delivery  and  other  functions,  however,  typically  cannot  be 
satisfied  through  direct  observation  of  the  controlled  process . 
Reasons  for  this  center  around  the  facts  that  the  processes 
either  cannot  be  directly  observed,  can  be  only  partially 
observed,  or  information  necessary  to  control  the  process  within 
predetermined  limits  cannot  be  determined  from  either  total  or 
partial  direct  process  observations.  Finally,  it  is  frequently 
the  case  in  current  ^lnd  projected  aerospace  systems  that  the 
amount  of  information  which  must  be  input  by  the  crewmembers  in 
order  to  control  flight,  navigation,  protection  or  weaponerj’ 
processes  simply  exceeds  the  human  capability  for  information 
input  and  processing.  As  a  result,  many  functions  are  allocated 
to  on'-board  computing  equipment.  Consequently,  synthetic 
information  displays  ^u:e  cocmonplace  in  aerospace  systems.  The 
displays  provide  the  man-process  interface  which  is  necessary  to 
combine  hardware  capabilities  with  human  flexibilities  and 
capabilities  in  order  to  accomplish  ttital  systers-nissicn 
objectives . 

Technology  provides  two  fundamental  means  of  presenting 
information  to  aerospace  crewme?ibers .  One  means  is  electro¬ 
mechanical  information  display;  the  second  means,  which  holds 
considerable  promise  for  the  future,  is  the  electronic  informa¬ 
tion  display.  An  electronic  flight  display  is  a  device  which 
can  produce  an  electronically  generated  image  that  is  directly 
viewable  by  the  pilot.  An  example  of  one  group  of  electronic 
flight  displays  is  the  cathode  ray  tube  (CRT)  .  CRT's  have  been 
used  extensively  for  the  display  of  radar  information  and  for 
the  generation  of  gun  sight  display  content.  CRT's  also  are 
receiving  attention  as  flight  data  displays,  and  rear-ported 
CRT's  have  been  used  in  the  design  of  projected  nap  displays. 
Also  included  in  the  general  class  of  electronic  flight  displays 
are  such  diverse  solid  state  display  media  as  electro¬ 
luminescence,  light  emitting  diodes,  planar  gas  discharge 
devices,  and  liquid  crystal  displays.  While  the.  majcpity  of 
such  media  are  still  highly  developmental,  alphanurerics ,  bar- 
graphs  and  X-Y  matrices  have  been  built  as  display  devices,  and 
current  development  efforts  are  being  directed  toward  further 
improvement  of  solid  state  display  media. 
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Electronic  displays,  including  head-up  projections  of 
display  information  (HUD)  have  gained  wide  use-acceptance,  and 
it  is  quite  predictable  that  they  will  be  even  more  prevalent  in 
future  system  designs.  This  is  not  simply  a  fortuitous  occur¬ 
rence.  Electronic  displays  frequently  are  the  only  suitable 
means  for  the  presentation  of  certain  types  of  information. 

Radar  imagery  is  one  example.  Additional  examples  include 
television  imagery,  infrared  imagery,  and  certain  laser-sensor 
information. 

Limited  instrument  panel  space  and  differing  mission- 
segment  requirements  also  provide  cases  which  argue  in  favor  of 
electronic  information  displays.  Requirements  for  time-sharing 
are  central  bo  this  argviment.  Additional  arguments  arise  from 
the  simultaneous  and  concurrent  display  of  information  from 
multiple  sensors.  Requir^ents  for  display  of  computed  target 
track  or  path  history  also  argue  in  favor  tof  electronic  displays 
over  electromechanical  information  presentations.  High  in 
importance  are  the  versatility  factors  associated  with  elec¬ 
tronic  display  systems.  Such  factors  inclvde:  shades  of  gray 
presentation,  variable  scale  factors,  display  format  flexi¬ 
bility,  and  the  partial  deletion  of  display  qontent  of  lesser 
importance  in  order  to  present  information  o£v  immediate 
importance  such  as  cautionary  of  failure  warning  signals. 

•  \ 

Electronic  displays  also  provide  ni^erous xengineering 
advantages  over  their  electromechanical  cocnterpaurts  in  the 
areas  of  relicibility,  weight,  and  digital  and  analog  operation, 
as  well  as  responses  to  physical  inputs  such  as  G-forces  and 
vibration.  Finally,  promising  benefits  of  the  solid  state 
display  media  must  be  brought  to  the  fron£  because  of  their 
even  better  potential  for  engineering  advantages  over  current 
electronic  information  display  techniques. 

Past,  current  and  projected  trends  in  display  system 
technology,  therefore,  insure  a  future  for  both  directly  viewed 
and  projected  electronic  display  systems.  This  future  is 
predicated  not  only  upon  requirements  for  multi-function,  time- 
shared,  reliable  displays,  but  also  upon  the  usability  of  the 
electronic  displays  which  engineering  technologies  are  £md  will 
be  capable  of  producing.  It  is  at  the  usability  juncture  where 
engineering  technology  and  human  factors  technology  must  unite. 
Sensor  and  display  capabilities  and  limitations  must  be  matched 
with  corresponding  capabilities  and  limitations  of  the  human 
operator.  This  is  necessary  in  order  to  provide  a  man-machine 
system  interface  which  is  responsive  not  only  to  engineering 
skill  levels  in  sensor  and  display  design,  but  also  to  mission 
requirements,  environmental  variables  and  operator  capabilities 
and  tasks.  Only  in  this  fashion  can  total  man-machine  aerospace 
system  success  be  insured. 
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In  the  preceding  paragraph,  the  concept  “insuring  the 
success  of  a  display  system"  was  used.  What  is  meant  by 
insurance?  Insurance  is  a  wager  that  the  future  will  turn  out 
well,  and  this  wager  is  made  by  the  individual  who  feels  that  he 
has  a  sufficient  understanding  of  the  future  in  order  to  make 
the  wager  worthwhile.  Second,  what  is  meant  by  a  system?  A 
system  is  an  integrated  coicbination  of  equipment  variables, 
human  capabilities  and  procedures,  enhanced  or  encumbered  by 
environmental  factors,  and  directed  towards  the  accomplishment 
of  pre-specif ied  mission  objectives.  "Insuring  the  success  of  a 
display  system",  therefore,  requires  a  detailed  and  quantitative 
understanding  of  the  significant  engineering  and  human  factors 
data  which  impact  upon  the  design  of  a  man-machine  display 
system  for  the  purpose  of  satisfying  mission  requirements. 

During  the  past  decade,  engineering  advances  in  the  design 
of  sensing,  computing  and  display  devices  have  been  outstanding. 
One  must  ask,  however,  cire  the  outstanding  engineering  advances 
meaningful,  and  have  the  expenditures  of  engineering  research 
and  development  resources  been  efficiently  and  systematically 
directed  toward  known  needs  for  improvement?  Answers  to  these 
and  similar  questions  will  never  be  simple  and  straightforward. 
Any  answer,  however,  cannot  be  developed  outside  of  a  total  man- 
machine  system  context.  In  other  words,  ans  's  to  such 
questions  cannot  be  based  upon  hardware  per;  rmance  alone. 

There  is  only  one  reason  for  a  display  to  ex-  t.  It  provides  an 
operator  with  information  which  he  needs  in  c. der  to  control, 
manage  or  monitor  a  system  process.  Furthermore,  the  operator 
must  accomplish  these  functions  within  prescribed  mission 
requirements  and  constraints.  Sensing,  computing  and  display 
hardware  comprise  only  one  portion  of  the  total  display  system. 
The  characteristics,  limitations,  and  procedures  of  the  human 
operator  comprise  additional  and  very  significant  portions  of 
the  man-machine  display  system.  Therefore,  to  determine  the 
goodness  of  a  display  system,  one  must  be  able  to  specify  total 
man-machine  system  performance  requirements.  This,  in  turn, 
means  that  one  must  be  able  to  define  human  perceptual  and 
performance  requirements,  and  translate  these  requirements  into 
quantitative  specifications  of  the  type  necessary  in  the  system 
design  and  evaluation  process. 

In  a  probabilistic  world,  there  are  precious  few 
unequivocally  true  statements  of  fact.  However,  one  such  state¬ 
ment  has  been:  To  date,  there  has  existed  no  systematic, 
comprehensive  and  quantitative  review  and  analysis  of  human 
factors  requirements  and  data  for  airborne  electronic  flight 
display  system  design.  Stated  differently,  the  human  factors 
state-of-the-art  for  airborne  electronic  flight  display 
system  design  and  requirements  for  subsequent  human  factors 
research  have  been  unknown.  This  is  of  considerable  importance 
because  human  factors  requirements  provide  critical  design  goals 
toward  which  engineering  research  and  design  should  be  directed. 
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.  J.'evertheless,  airborne  electronic  information  display 
systems  have  been  and  are  being  designed  and  developed.  More 
frequently  than  not,  human  factors  have  been  considered  in  the 
designs.  The  degrees  to  which  all  relevant  factors  have  been 
considered  are,  however,  frequently  in  question.  E*ur thennore , 
the  degrees  to  which  human  factors  research  resources  have  been 
wasted  rediscovering  already  known  answers  to  previously  asked 
questions  also  are  in  question.  Finally,  the  frustration  of 
display  system  design  engineers  is  known  to  be  frequent  and 
great  when  they  repeatedly  find  that  hopefully  useful  human 
factors  research  has  produced  only  subjective  "alternative  X  is 
better  than  alternative  Y"  design  guidelines,  when  what  is 
actually  needed  are  quantitative  functional  relationships 
between  display  design  variables  and  operator  or  system 
performance  variables. 

Limited  reviews  and  analyses  of  the  human  factors  litera¬ 
ture  have  been  completed  in  order  to  provide  guidance  to 
electronic  display  system  designers.  The  review  documents  which 
exist  (Refs.  206,  232  and  294)  are  generally  limited  in  scope. 
Only  two  of  the  reports  (Refs.  232  and294)  have  attempted  to 
systematically  and  comprehensively  identify  quantitative  human 
factors  design  data,  eind  neither  of  these  has  directly 
addressed  electronic  flight  displays.  A  primary^ objective  of 
the  current  study  was  to  fill  such  voids. 

One  must  ask,  what  are  the  human  factors  information 
requirements  of  the  electronic  display  system  design  engineer? 
Stated  differently,  what  is  the  minimum  set  of  mutually 
exclusive,  independent  design  variables  with  which  the  elec¬ 
tronic  display  system  design  engineer  may  describe  his  system, 
and  what  design-oriented  human  factors  data  are  needed  to  allow 
the  engineer  the  maximum  flexibility  in  making  trade-offs  within 
the  context  of  the  independent  variable  set? 

The  listing  of  display  design  variables  shown  in  Table  1 
was  developed  in  an  attempt  to  establish  the  minimum  set  of 
mutually  exclusive,  independent  variables  which  can  be  used  to 
define,  from  an  engineering  standpoint,  all  characteristics  of 
virtually  any  electronic  display,  either  CRT  or  solid  state.  An 
examination  of  the  content  of  Table  I  reveals  that  no  variable 
in  the  table  can  be  defined  in  terms  of  other  variables  shomi. 
Thus,  each  variable  may  be  considered  as  an  independent 
variable.  It  may  also  be  seen  from  the  table  that  two  or  more 
independent  variables  frequently  must  be  considered  in  order  to 
relate  display  physical  characteristics  to  operator  performance 
requirements.  An  example  is  symbol-display  contrast,  wherein 
independent  variables  influencing  display  background  luminance 
must  be  considered  in  conjunction  with  emitter  luminance  and 
light  transmission  coefficients.  It  is  apparent,  therefore, 
that  although  the  display  design  variables  are  independent,  they 
nay  be  highly  related  to  one  another  in  terms  of  identifying  and 


Table  1.  Minimum  Set  of  Mutually  Exclusive  Display 
Design  Variables  Impacting  Upon  Design  Trade-offs . 

Ambient  light  intensity  in  which  displays  must 
operate 

Reflection  coefficients  of  display  material 

'Transmission  coefficients  of  display  face  materials 

Required  range  of  light  emission  intensities  Of 
emitting  elements 

Number  of  distinguishcd>le  light  intensity  levels 
required 

Required  uniformity  of  light  emissions 

a)  at  high  intensities 

b)  at  low  intensities 

Allowable  tolerances  for  light  intensity, 
transmitivity  and  reflectivity  factors 

Color  of  background 

Color  of  emitters 

Shape  of  symbols  to  be  displayed 

Dimens'4.ons  of  symbols  to  be  displayed 

Symbol ' placement  and  dynamic  interrelationships 

Information  update  rate  requirements 

Emitter  (or  spot)  size  and  shape 

Dif fusitivity  of  boundary  regions  of  individual 
emitters 

Allowcible  (or  required)  frequency  of  AC  or  pulsed 
drive  signal 

Emitter  placement  or  density 
Size  of  background 

Average  light  intensity  of  emitters 
Display  ^refresh  rate  requirements 
Size  of  total  display  face 

\ 
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specifying  operator-imposed  design  requirements.  Because  of 
this,  it  also  is  apparent  that  meaninful  human  factors  design 
data  will  not  necessarily  exist  for  each  of  the  independent 
variables  shown  in  Table  1. 

Human  factors  in  display  system  design  covers  a  consider¬ 
able  range  of  design  factors,  ranging  from  the  specification  of 
characteristics  for  simple  display  elements,  such  as  symbols, 
through  specification  of  total  display  format,  taking  into 
account  not  only  display  elements,  but  also  the  integration  of 
displayed  information  in  relation  to  operator  encoding  charac¬ 
teristics  and  task  requirenents .  Also  involved  are  vehicle, 
sensor  and  computer  characteristics. 

The  technical  activities  reported  herein  did  not  atten^>t  to 
cover  the  total  spectrum  of  human  factors  in  display  system 
design.  Scope  of  the  effort  is.shovm  graphixbally  in  Figure  1, 
where  it  can  be  seen  that  physical  display  characteristics  and 
operator  detection  and  recognition  task  performance  were 
emphasized.  Influences  of  environmental  factors  including 
illuminance,  vibration  and  G-forces  also  were  cqnsidered. 

An  overall  objective  Of  the  effort  involve*!  the  accumu¬ 
lation  and  integration  of  quantitative  human  performance  data 
for  display  elements  in  general.  This  was  done  in  order  to 
provide  data  which  might  be  generalized  to  the  broadest  range  of 
electronic  display  applications  and  which  could  be  useful 
independent  of  particular  display  formats.  Thus,  the  content 
of  this  report  deals  with  making  symbology  discrimiuable, 
visible,  legible  and  flicker-free  throughout  the  sp^trum  of 
operational  environments  encountered  by  Air  Force  aircraft. 
Furthermore,  quantitative  functional  relationships  between 
selected  design  variables  and  indices  of  human  performance  have 
been  emphasized  over  vague,  qualitative  human  factors  recommen-^ 
dations  in  an  attempt  to  provide  human  performance  data  which 
may  be  quantitatively  related,  when  possible,  to  independent 
hardware  design  variables  and  combinations  of  such  variables. 
Finally,  where  valid,  quantitative  design  data  could  not  be 
found,  research  recomnendations  have  been  specified.  Specific 
technical  objectives  for  the  study  are  listed  below: 

-  Perform  a  comprehensive  survey  of  all  human  factors 
literature  and  on-going  research  relating  to  the 
man-electronic  flight  display  system  interface. 

-  Perform  a  comprehensive  and  systematic  analysis  and 
integration  of  all  valid,  quantitative  design- 
related  human  factors  data  in  order  to  determine 
and  identify  the  interactive  relationships  between 
electronic  flight  display  characteristics  and 
pilot  performance. 
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Figure  1.  System  Variables  Influencing  Display  Usability. 
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-  Develop  a  heuristic  model  or  procedures  for 
integrating  and  relating  available  human  factors 
data  for  electronic  flight  display  system  design. 

-  Prepare  a  comprehensive,  design-oriented  technical 
discussion  of  availcible  information  and  findings. 

-  Develop  rese^Lrch  recommendations  for  investigating 
problems,  data  voids  and  data  inconsistencies 
identified  during  the  program. 

In  accomplishing  the  objectives  set  forth  for  the  program, 
a  comprehensive  literature  search  was  accomplished.  All  known 
sources  of  technical  information  were  reviewed,  and  a  total  of 
1178  reports,  articles,  journal  publications  and  books  were 
identified  as  potentially  relevant.  In  addition,  a  Defense 
Documentation  Center  Work  Unit  Survey  was  reviewed  and  requests 
for  data  and  information  were  published  in  several  trade; 
publications  in  order  bo  identify  on-going  or  yet  unpublished 
data  of  possible  relevance.  The  remainder  of  this  report 
presents  the  best  available  data  for  electronic  flight  display 
design,  along  with  research  reconnendations  where  existing  data 
are  not  adequate.  As  might  be  expected,  not  all  available  data 
were  sufficiently  quantitative  or  generalizable  to  be  of  value. 
Not  all  data  were  judged  to  be  experimentally  sound  enough  for 
valid  usage,  although  where  extreme  data  shortages  were  identi¬ 
fied,  the  best  available  data  are  given,  with  the  shortcomings  ■ 
identified.  Design-oriented  data  presented  throughout  the 
remainder  of  this  report  are  based  upon  the  best  information 
which  is  currently  available.  Organization  of  the  data  is 
discussed  more  fqlly  in  the  next  section. 


SECTIC»  II 


RELATIONSHIPS  OF  DESIGN  CONSIDERATIONS:  A  MODEL 


INTRODUCTION 

The  number  of  variables  which  the  hiiman  factors  engineer 
must  consider  when  participating  in  electronic  flight  display 
design  or  when  planning  related  research  is  quite  sizeable. 
Additionally,  many  variables  interact,  and  if  the  interactions 
are  ignored,  design  inputs  or  research  activities  will  suffer 
accordingly.  In  an  effort  to  provide  some  organic:: f:ion  for  the 
design  variables  and  data  discussed  in  the  remainder  of  the 
report,  it  was  felt  necessary  to  formulate  conceptual  models 
which  could  serve  as  means  for  clustering  design  variables  and 
other  considerations  into  logical  groupings,  as  well  as  showing 
salient  relationships  among  the  constituents  of  each  group. 

The  remainder  of  this  section  presents  our  attempts  to  provide 
some  order  to  what  could  be  a  very  cumbersome  technical  area. 


MODEL 

Figvire  2  presents  a  definition  of  the  major  clusters  of 
variables  which  are  of  direct  concern  in  the  proper  human 
factors  design  of  electronic  flight  displays.  Each  of  the  major 
clusters  is  addressed  separately  in  subsequent  figures  in  an 
attempt  to  show  the  interrelationships  of  design  variable  con¬ 
siderations  within  each  of  the  major  categories  shown  in  Figure 
2.  Subsequent  major  sections  of  the  report  also  are  organized 
in  keeping  with  the  major  categories  shown  in  Figure  2.  Conse¬ 
quently,  the  additional  figures  within  this  section  provide  the 
reader  with  a  general  outline  of  the  technical  content  contained 
within  the  remainder  of  this  report. 
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Environnental  Factors  of 
Asdaient  Illimlnation, 
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Figure  2.  Design  Variable  Clusters  Influencing 
Electronic  Flight  Display  Design. 


—  Figure  3.  Model  of  Display  Size  Considerations. 
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Information  Coding  Considerations 


The  efficiency  with  which  a  symbol  transmits  information 
to  the  observer  depends  upon:  (1)  the  nature,  type  and  amount 
of  information  presented,  (2)  number  of  discrete  symbols  re¬ 
quired,  (3)  nature  of  observer  tasks,  (4)  the  environment  under 
which  the  display  is  vie%fed.  Symbols  should  be  selected  on  the 
basis  of  their  ability  to  be  located  and  identified  with  100% 
observer  performance  under  “worse  case"  viewing  conditions. 
Relationships  among  key  factors  are  shown  in  Figure  4. 

Early  symbology  studies  attempted  to  ascertain  the 
"optimum"  or  "best"  symbol.  Depending  upon  the  idiological 
orientation  of  the  experimenter  (Gestalt  or  non-Gestalt) ,  the 
“best"  symbol  form  tiimed  out  to  be  "circles"  or  "triangles" 
(respectively) .  Later  studies  attesgited  to  establish  equally 
discriminable  symbol  alphcibets,  while  another  series  of  studies 
examined  symbols  presented  on  radar-type  displays.  Results 
generally  indicate  that  simple  outlined  geometric  forms  elicit 
optimum  observer  performamce  on  CRT-type  displays.  Studies 
specifically  addressing  electronically  generated  airborne 
displays  viewed  under  operational  conditions  could  not  be 
identified. 

The  selection  of  color  codes  for  visual  displays  requires 
the  following  considerations:  (1)  the  visual  environment  under 
which  it  is  to  be  viewed,  (2)  nature  of  information,  (3)  nature 
of  symbol  to  be  color  coded,  (4)  the  hue  selected.  The  ad¬ 
vantages  cuid  disadvcuitages  of  color  codes  include:  (1)  excel¬ 
lent  for  locating  and  counting  tasks,  for  displaying  additional 
information,  and  for  enhancing  performance  of  other  codes,  %diile 
(2)  they  are  less  effective  for  identification  tasks,  lose 
discriminability  under  high  luminous  conditions,  in  the  presence 
of  color-symbol  misregistration  and  when  used  in  conjunction 
with  small  symbols.  The  necessity  of  color  codes  should  be 
carefully  evaluated.  / 

Flash  rate  coding  provides  an  excellent  dimension  for 
displaying  critical  information  requiring  immediate  attention. 

It  is  limited,  however,  by  limited  discriminability,  fatigue, 
and  annoyance  factors. 
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Figure  4.  Model  of  Information  Coding  Considerations. 


Alphanumeric  Considerations 


The  many  factors  involved  in  the  selection  of  an  optimum 
alphanumeric  for  use  on  electronic  displays  are  shown  in  Figure 
5.  There  are,  however,  two  principal  areas  of  consideration 
which  ultimately  merge  together  in  the  rationale  for  designing 
alphanumerics .  The  first  area  involves  general  environmental 
factors  such  as  conditions  and  orientaticHis  of  viewing,  symbol 
generation  techniques  and  resolution  factors  of  the  display 
system.  Initial  consideration  should  be  given  to  the  environ¬ 
mental  factors  of  vibration,  acceleration  and  ambient  illumina¬ 
tion.  Once  the  effect  on  legibility  of  these  factors  is 
determined  or  approximated,  an  examination  of  edge  displayed 
symbology  (applies  if  CBT  symbology  is  presented  on  the 
periphery  of  the  tube),  symbol  blur,  viewing  angle,  symbol 
brightness  and  symbol  contrast  percentage  (including  contrast 
polarity)  should  be  conducted  so  the  total  cumulative  effects  on 
legibility  may  be  determined  in  relation  to  the  symbol  genera¬ 
tion  techniq[ue  and  resolution  characteristics  of  the  display 
system. 

The  second  area  involves  the  selection  of  a  specific  font 
or  style  and  the  particular  symbol  height,  proportion  (width  to 
height  and  stroke  width  to  height)  and  spacing  necessary  to 
optimize  legibility  in  relation  to  the  performance  requirements 
of  the  systems  task.  Symbol  size  is  the  alphanumeric  character¬ 
istic  primarily  used  to  compensate  for  the  legibility  degrada¬ 
tions  imposed  by  all  of  the  previously  mentioned  conditions.^ 
although  many  other  design  trade-offs  are  possible  including 
contrast,  brightness,  resolution,  etc. 

The  above  flow  is  presented  as  a  probable  course  of  design 
consideration,  but  should  not  be  construed  as  the  only  approach. 
Any  of  the  conditions  listed  may  be  individually  or  collectively 
altered  to  adjust  legibility. 
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Figure  5.  Model  of  Alphanumeric  Considerations. 
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Scale  Legibility  Considerations 

Scales  are  coaponents  of  displays  used  to  preseat  quantita¬ 
tive  inforaation,  generally  either  by  the  noveaent  of  a  pointer 
or  index  relative  to  the  scale,  or  by  the  aoveiaent  of  the  scale 
in  relation  to  a  fixed  readline  or  fiducial  aark.  Figure  6 
shows  the  relationships  of  design  variables  influencing  the 
precision  with  which  scales  can  be  read. 

A  priaary  deterainant  of  scale  design  is  the  aission- 
iiaposed  degree  of  accuracy  with  %rhich  the  scale  must  be  read. 

In  conjunction  with  this  factor  are  limitations  on  scale  length 
and  consequent  requireaents  for  scale  value  interpolation  as 
opposed  to  sioply  reading  the  scrale  to  the  nearest  graduation 
mark.  A  third  fundamental  factor  involves  the  selection  of 
scale  shape.  Fundamentally,  scales  can  be  circular  (or  semi¬ 
circular) ,  straight  and  horizontal,  or  straight  and  vertical. 
Experimental  evidence  shows  that,  for  a  given  reading  accuracy 
requirement,  design  characteristics  may  vary  as  a  ftihction  of 
the  three  scale  shapes. 

Several  design  considerations  are  cooaion  to  all  types  of 
scales.  These  include  scale  linearity;  logarithmic  or  other 
nonlinear  scales  sometimes  are  encountered,  and  reading  accuracy 
will  vary  as  a  function  of  the  portion  of  the  scale  being  read. 
The  numbering  scheme  for  scale  graduations  and  major  intervals 
also  is  of  considerable  iaportanoe,  in  that  improper  interval 
numbering  can  make  an  otherwise  well  designed  scale  highly 
error  producing.  The  distance  between  scale  graduation  marks 
and  the  pointer  or  readline  against  «fhich  the  scale  is  read  also 
is  significant  in  that  excessive  distances  also  will  degrade  the 
accuracy  with  which  an  otherwise  good  scale  can  be  read.  Of 
course,  scale  factor  (the  distance  between  major  scale  gradua¬ 
tions)  and  the  nuaber  of  graduations  used  are  key  determinants 
of  scale  legibility.  Also  involved  in  this  area  are  the  stroke 
width  and  length  of  major  and  minor  graduation  marks.  Finally, 
checkreading  cues  designed  integrally  with  the  scale  can  enhance 
the  identification  of  predetermined  scale  values.  All  of  the 
above  factors  must  be  considered  for  proper  scale  design. 
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Figure  6.  Model  of  Scale  Legibility  Considerations. 
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Factors  Al'fect.inq  Visual  Acuity 

Visual  acuity  is  defined  as  the  smallest  unit  disoemable 
by  the  eye.  MiniiauB  discemable  acuity  is  directly  affected  by 
a  number  of  environmental  and  observer  p^ameters  as  shown  in 
Figure  7.  Representative  envirofimental  factors  include:  (1) 
luminance  levels  (ambient,  surround,  display  background) ,  (2) 
spectral  composition  of  luminance,  (3)  contrast  resulting  frcm 
luminance,  (4)  duration  of  luminance  flashes  or  exposure. 
Environmental  factors  in  turn  affect:  (1)  observer  eye  adapta¬ 
tion  level,  (2)  nature  and  extent  of  optical  aberration,  (3)  the 
retinal  area  stimulated,  and  (4)  ctynamic  acuity.  The  inter¬ 
action  of  all  of  these  factors  ultimately  determine  maximum 
visual  acuity.  In  addition  to  the  above  considerations,  other 
environmental  factors  (vibration,  acceleration,  visual  time¬ 
sharing)  and  observer  factors  (fatigue,  stress,  task  over¬ 
loading)  tend  to  indirectly  reduce  acuity. 
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Display  Syster.  Resolution  Considerations 


‘Resolution  is  the  end  product  of  the  interaction  of  a 
nuriier  of  display  systen  pararaeters  as  shown  in  Figure  8.  In 
raster-written  displays,  resolution  is  expressed  as  the  number 
of  active  scan  lines  per  unit  of  symbol  or  display  height. 

Raster  lines  are  composed  of  a  number  of  "spots",  which  are  the 
smallest  discernable  xinit  of  emitted  luminance.  Representative 
parameters  affecting  final  spot  size  include:  (1)  luminance 
intensity  of  systen  -  this  parameter  interacts  with  all  major 
components  in  the  system  and  ultimately  determines  the  scanning 
beam  intensity  and  consequently  the  beam  (diameter,  (2)  spot 
spread  function  -  the  interaction  of  the  original  object  point 
source  of  light  with  systen  (point  spread  function)  in  trans¬ 
mission  to  the  display  screen,  (3)  display  characteristics  -  the 
interaction  of  system  and  screen  parameters  .{deflection  tech¬ 
nique,  voltages,  phosphor  characteristics,  halation,  tube  size, 
screen  efficiency) ,  (4)  cheinnel  bandwidth  -  bandwidth  capacity 
(interacting  with  other  system  components)  directly  affects 
displayed  spot  size. 

Resolution  of  symbology  displayed  on  CRT  screens  is 
generally  expressed  as  the  number  of  raster  lines  per  symbol 
height.  The  ninnber  of  scan  lines  required  for  100%  legibility 
is  a  function  of:  (1)  the  type  of  symbology  displayed,  (2)  the 
environmental'  conditions  under  which  it  is  viewed,  (3)  observer 
viewing  distance,  and  (4)  the  nature  of  the  observer's  task 
requirements.  Signal  bandwidth  also  is  important. 

Solid-state  display  resolution  is  likewise  the  end  product 
of  systen  parameter  interaction.  However,  no  definitive  measure 
of  solid-state  resolution  is  commonly  used.  Representative 
parameters  affecting  solid-state  resolution  include  the  display 
emitter  size,  shape,  density,  and  emitted  luminaince  intensity 
and  hue. 
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Fi7\irc-  5,  factors  contributing  to  the  detection 
of  flic.''.er  on  a  visual  display  .T.ay  be  grouped  into  two  cate¬ 
gories:  obser^/er  and  display.  Representative  observer 

cnaracteristics  that  interact  to  influence  flicker  perception 
include:  ID  the  adaptation  level  of  the  eye  (affected  by 

ar-bient  and  eritted  display  luminance)  ,  (2)  “persistence  of 
vision*  (affected  by  the  emitted  luminance  intensity,  flash 
duration  and  light-to-dark  ratio) ,  and  (3)  the  retinal  area 
stimulated  (affected  by  viewing  distance,  display  size  and 
luminous  intensity) . 

Primary  display  parameters  affecting  flicker  include:  (1) 
phosphor  characteristics  (decay  and  emission  qualities  -  which, 
in  turn,  affect  emitted  luminance  and  refresh  rate) ,  (2)  display 
refresh  rate  (which  is,  in  part,  determined  by  the  addressing 
technique  used  and  phosphor  decay  functions) ,  (3)  information 
up-date  rate  (which  is  affected  by  the  type  of  information, 
display  refresh  rate  and  the  size  of  the  display) .  All  of  the 
above  parameters  interact,  and  some  tradeoff  is  possible  among 
the  parameters  to  prevent  flicker  on  the  display.  In  any  event, 
it  is  essential  to  have  a  flicker-free  display. 

» 
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Flicker  Cons  ideratior.s 


As  shovn  in  Figure  9,  factors  contributing  to  the  detection 
of  flicker  on  a  visual  display  may  be  grouped  into  two  cate¬ 
gories:  observer  and  display.  Representative  observer 

characteristics  that  interact  to  influence  flicker  perception 
include:  (1)  the  adaptation  level  of  the  eye  (affected  by 

ambient  and  emitted  display  lumincmce) ,  (2)  "persistence  of 
vision"  (affected  by  the  emitted  Itnninance  intensity,  flash 
duration  and  light-to-dark  ratio) ,  and  (3)  the  retinal  area 
stimulated  (affected  by  viewing  distance,  display  size  and 
iiminous  intensity) . 

Primary  display  parameters  affecting  flicker  include:  (1) 
phosphor  characteristics  (decay  and  emission  qualities  -  which, 
in  turn,  affect  emitted  luminance  and  refresh  rate) ,  (2)  display 
refresh  rate  (which  is,  in  part.,  determined  by  the  addressing 
technique  used  and  phosphor  decay  functions) ,  (3)  information 
up-date  rate  (which  is  affected  by  the  type  of  information, 
display  refresh  rate  and  the  size  of  the  display) .  All  of  the 
above  parameters  interact,  and  some  tradeoff  is  possible  among 
the  parameters  to  prevent  flicker  on  the  display.  In  any  event, 
it  is  essential  to  have  a  flicker-free  display. 


Observer  I  AiT\bient  Display 

arameters  (iCllumination  Parameters 
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Figure  9.  Model  of  Factors  Influencing  Flicker. 


Contrast  Considerations 


oeci; 


To  be  legible,  electronically  generated  syisibology  smst  be 
sufficiently  brighter  than  the  icsaediately  surrounding  display 
background  to  ensure  that  the  syr»ols  will  stand  out.  Figure 
10  shows  the  relationships  of  factors  influencing  siTEbol 
brightness  and  contrast  requirements - 

There  is  no  one  contrast  ratio  wiich  will  satisfy  all 
syisbol  lunineuice  requirements  in  relation  to  display  background 
luni nances.  As  display  background  lusuncmce  increases,  sysboi 
luminance  also  must  increase,  but  not  in  direct  proportion  to 
display  background  luminance. 

Four  fundaiaental  families  of  considerations  are  involved 
in  specifying  symbol  Ixminatnce  and  contrast.  One  of  the  rost 
important  involves  display  background  luminance  levels  with 
which  synabology  must  compete  in  order  to  be  cleeurly  legible. 
Factors  of  incident  illuminance,  display  reflectivity  emd 
display-induced  background  luminance  are  involved.  The  second 
factor  involves  symbol  luminance  and  the  extent  to  which  the 
display  face  and  filters  may  attenuate  symbol  luminance. 

Display  background  Iximinance  and  symbol  luminance  are  the  key 
determinants  of  contrast.  A  third  and  significant  factor 
influencing  contrast  requirements  involves  symbol  size  and 
shape,  since  smaller  and  less  solid  symbols  require  greater 
contrast  for  legibility.  Operator  performance  expectations  also 
combine  with  symbol  dimensions  in  specifying  minimum  contraist 
required.  For  exaaq)le,  contrast  requirements  increase  as 
performance  requirements  become  more  stringent,  such  as  mere 
legibility,  versus  legibility  with  miniBium  reading  time,  versus 
comfortably  bright  and  contrasty  syaibology.  Finally,  symbol 
contrast  requirements  are  influenced  by  the  luminance  level  to 
which  the  pilots  eyes  are  adapted.  There  also  is  some  evidence 
that  the  use  of  sun  visors  or  sun  glasses  may  influence  contrast 
requirements,  not  only  because  of  their  effects  upon  eye  adapta¬ 
tion,  but  also  for  other  reasons  which  have  not  yet  been  fully 
examined. 
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Environmental  Variable  Considerations 


Environmental  variables  affect  all  legibility,  readability 
and  usability  considerations  and  should  be  considered  early  in 
display  design  planning.  Three  environmental  variables  are 
reported:  ambient  illumination,  vibration  and  acceleration. 

As  indicated  in  Figure  11,  ambient  illumination  affects 
electronic  flight  displays  as  a  function  of  three  primary 
considerations.  The  first  relates  the  value  of  solar  and 
atmospheric  illuainaticxi  based  on  the  existing  meterological 
conditions  and  orientation  of  the  aircraft  in  relation  to  the 
sun.  This  gross  level  of  illumination  is  then  affected  by  the 
second  consideration  which  involves  the  transaitivity  of  the 
aircraft  canopy  and  windscreen  and  the  geometry  of  the  cockpit. 
Once  these  factors  have  influenced  the  incident  illumination, 
the  third  factor,  which  is  the  display  location,  aust  be 
considered  before  a  final  ambient  illuaination  level  can  be 
deterained  at  the  display  face.  , 

The*  factors  which  must  be  considered  when  accounting  for 
the  effects  of  vibration  and  acceleration  on  display  legibility 
are  very  similar.  The  initial  consideration  for  vibration 
involves  the  frequency  in  cycles  per  second  or  hertz,  whereas 
for  acceleration  first  throughts  are  given  to  the  rate  of  onset 
(in  g's/sec.).  When  these  factors  are  determined,  deliberation 
must  be  given  to  the  aaplitode  (which  is  an  expression  of  the 
force  magnitude  in  g's)  and  duration  (in  seconds)  parameters  of 
both  vibration  and  acceleration.  Also  conaon  to  both  vibration 
and  acceleration  are  considerations  of  the  force  vectors  through 
the  human  body.  Primary  emphasis  in  this  review  has  been  given 
to  z-axis  vibration  and  x-axis  acceleration.  ‘  When  examining 
forces  in  relation  to  the  body,  it  is  also  necessary  that  the 
relationship  of  the  body  to  gravity  be  specified,  for  example, 
whether  the  subject  is  in  a  normally  seated  position,  in  a 
semisupine  position,  etc.  The  last  of  the  considerations  for  ■ 
vibration  and  acceleration  is  the  type  of  restraint  system  used. 
This  section  does  not  attempt  to  review  the  merits  of  various 
experimental  restraint  systems  since  our  emphasis  is  towaurd 
specifying  design  parameters  appropriate  to  both  normally 
seated  and  restrained  aircraft  pilots.  Inherent  in  restraint 
systems  are  considerations  of  whether  or  not  subjects  were 
wearing  g-suits  (applies  more  particularly  to  acceleration) . 

Common  to  all  environmental  variables  are  delineations  of 
the  op>erator  task  and  performance  requirements. 


28 


29 


n 


SECTION  III 

CISPEAY  SIZE  FCR  FLIGhT  CCNTP.OL 


INTRODUCTION 

Currer;t  and  projected  cockpit  designs  are  increasingly  \ 
incorporating  nultiple  electronic  displays  for  flight  control, 
navigation,  weapon  delivery  and  reconnaissance.  One  of  the  \ 
arguments  for  the  use  of  nuitiple  electronic  displays  involves . 
re^iaoiiity.  Should  one  display  fall,  needed  infornation  can  bfe 
presented  on  one  of  the  remaining  operative  displays.  Whether  \ 
cesigning  electronic  flight  displays  for  special  use  or  for  ' 

tines haring  usage,  the  designer  nust  consider  display  require- 
nents  for  each  task  for  which  the  electronic  flight  display  nay 
ne  used.  One  consideration  which  frequently  is  not  given 
Gcjective  and  detailed  consideration  Is  display  size. 

Assuming  that  the  nuribers  of  vertical  and  horizontal 
Cisplay  resolution  elements  remains  unchanged  by  varying  display 
size,  changes  in  display  size,  either  in  conjunction  with  , sensor 
field  of  view  or  independently  of  sensor  field  of  view,  will 
affect  image  quality,  display  flicker,  and  human  performance. 

The  changes  in  human  performance  may  be  in  part  due  to  changes 
in  image  quality;  on  the  other  hand,  they  may  be  quite  inde¬ 
pendent  of  this  factor.  Direct  effects  of  display  size  and 
sensor  field  of  view  are  discussed  below  as  they  influence 
measures  of  target  detection  performance  and  human  operator 
continuous  control  performance. 

Display  size  produces  markedly  different  effects  upon 
target  detection  and  continuous  control  performance.  Generally 
speaking,  increasing  display  size  reduces  the  probability  of 
detecting  targets  on  either  PPI  type  presentations  or  radar 
imagery-type  presentations.  It  is  to  be  anticipated  that  1 
similar  effects  would  be  obser'/ed  for  low  light-level  television 
although  this  remains  to  be  confirmed.  With  tasks  involving 
flight  path  control  and  the  use  of  artificial  horizon  or  flight 
director  displays,  increasing  the  size  of  the  displays  can 
influence  tracking  or  flight  control  performance.  The  effects 
are  fairly  complex;  however,  all  effects  appear  to  be  quite 
small,  thus  giving  the  designer  considerable  flexibility. 

It  is  to  be  anticipated  that  vehicle  dynamics  will  interact 
with  display  size  to  influence  pilot  continuous  control 
performance.  This  latter  interaction,  of  course,  can  be  due  in 
large  part  to  the  effects  which  varying  display  size  nay  have 
upon  scale  factors  associated  with  display  elements.  This,  of 
course,  depends  upon  whether  scale  factor  is  controlled 
independently  of  display  size.  The  effects  of  task  and  display 
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size  upor.  target  detection  and  continuous  control  perfornanoe 
are  discussed  separately  beicv. 

TARGET  DETECTIC:*'  TAS?^ 


Within  this  discussion,  the  effects  of  display  size, 
signal-to-noise  ratio  and  pip  or  target  size  are  briefly 
discussed  as  they  inf luence  the  probability’  that  the  operator 
will  detect  bonified  targets .  Probability  of  detection  is  not 
the  only  neasure  used  to  define  targ[et  detection  performance. 
Other  neasures  include:  frequency  of  false-positive  identifi¬ 
cations,  wherein  non-targets  cire  identified  as  targets; 
weighted  neasures  of  perfomance  in  which  number  of  target 
identifications  is  weighted  against  nvir.her  of  false  positives 
arid  nxmber  of  targets  aissed;  and  target  detection  times This 
review  deals  only  with  probability  of  detecting  bonified  tercets, 
and  is  intended  priaarily  to  show  that  the  effects  of  display 
size  vary  as  a  function  of  operator  task. 

It  would  appear  that  the  effects  of  display’  size  upon 
tcirget  detection  perforsance  are  not  ’well  recognized.  In  a 
recent  review  of  the  literature  dealing  -with  operatcr- 
reconnaisscince  display  systez  perforciance,  Semple  and  Gainer 
(Ref.  294)  found  that  investigatior^s  of  the  effects  bf  many 
other  variables  upon  detection  performance  totally  ignored 
display  size  as  a  variable.  Senple  an-d  Gainer  also  report  that 
noting  the  sizes  of  displays  used  in  nunerous  studies  -which  -were 
reviewed  provided  a  curiously  accurate  means  of  predicting 
maximm  probability  of  target  detection  performance,  at  least 
for  studies  involving  radar  imagery  or  incorporating- other 
factors  such  as  display  noise  or  clutter  in  addition  tc  -target 
symbology. 

/ 

Koise  '  _ 

Assuming  that  information  density,  scale  factor,  target 
contrast  and  target  size  factors  are  held  constant,  a  review  of 
the  literatxire  showed  that  variations  in  display-  size  had  no 
meaningful  impact  upon  probability-  of  target  detection  for 
noise-free  display  presentations.  This  trend  held  for  display- 
sizes  (diameters)  ranging  from  0.20  inches  to  15  inches. 

The  addition  of  symbology,  information,  or  noise  over  and 
above  target  information  has  a  marked  impact  upon  probability  of 
target  detection  for  displays  larger  than  only  0.75  inches  in 
diameter.  Data  from  Meister  and  Sullivan  (Ref.  232)  and  Weasner 
(Ref.  342)  ’were  combined  to  generate  Fig’ure  12.  Data  presented 
fay  Weasner  covered  display  diameters  from  0.20  inches  through 
6.0  inches.  Da-ta  published  by  Meister  and  Sullivan  covered 
display  diameters  from  3.0  through  14.0  inches.  Probability  of 
detection  data  matched  remarkably  -well  {-within  a  fe'w  percentage 


Probability  of  Target  Detection  on  «  PPl  Display 
as  a  Function  of  Display  Size  and  Noise. 


points)  at  the  six  inch  diameter.  Trends  of  the  cur/es  frcir.  the 
two  sources  also  are  well  matched. 

Pip  Size 

Within  the  context  of  plan  position  indicators  (PPI) 
displays,  pip  (symbol)  size  interacts  with  display  size  to 
influence  target  detection.  Meister  and  Sullivan  have  reviewed 
the  literature  on  this  subject.  They  note  that  a  frequent 
human  factors  handbook  recommendation  for  CRT  size  is  seven 
inches  of  diameter.  They  point  out  that  this  recommendation  is 
based  upon  PPI  data  and  assumes  smaller  target  pip  sizes  of  two 
to  eight  millimeters  for  approximately  14  inch  viewing  distances. 
When  larger  target  sizes  aire  involved  (e.g.,  12  to  16  mm),  the 
advantage  of  the  seven  inch  scope  becomes  less.  For  larger 
target  sizes,  17.5  to  18  inch  scopes  frequently  are  recommended. 
The  tradeoff,  however,  really  lies  between  pip  size  and  display 
size.  Typically,  radar  target  detection,  for  example,  improves 
as  pips  get  larger  up  to  about  60  minutes  of  visual  angle,  but 
decreases  continually  as  the  scope  becomes  larger. 

Meister  and  Sullivan  report  a  regression  equation  which 
they  feel  is  useful  in  relating  target  detection  probability  to 
display  size  and  pip  size.  The  equation  is: 

Y  =  26.02  +  3.33X  -  0.22X^  -  0.46XZ  +  2.09Z 

where;  Y  =  mean  detectability  threshold  in 
decibels  attenuation  of  a 
reference  voltage 

X  =  target  range  in  tenths  of  PPI 
display  radius 

Z  =  usable  display  diameter  in  units 
of  7  inches . 

Radar  Imagery 

A  somewhat  different  approach  to  the  problem  of  display 
size  is  to  vary  sensor  field  of  view  in  conjunction  with  display 
size.  The  approach  has  particular  application  for  considera¬ 
tions  relating  to  the  display  of  high  resolution  radar  imagery. 

Fundamentally,  sensor  field  of  view  and  display  size  can  be 
related  to  human  target  detection  perfonaance  through  im.agery 
scale  factor  and  display  size.  For  example,  if  display  size  is 
decreased  while  sensor  field  of  view  is  held  constant,  the 
result  is  a  reduction  in  scale  factor  of  the  displayed  infor¬ 
mation  because  the  same  amount  of  information  must  be  presented 
in  a  smaller  area,  requiring  a  reduction  in  scale  factor  (the 
relationship  between  inches  of  display  dedicated  to  displayi.ng 
inches  of  real-world  content) . 
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Si.Tion  (Ref.  367)  reported  a  study  of  target  recognition 

using  sinulated  aerial  reconnaissance  radar  imagery  in  which  the 
simulated  sensor  field  of  view  was,  under  certain  combinations 
of  conditions,  held  constant,  while  display  size  was  varied. 

Six  and  12  inch  display  sizes  were  used.  With  the  sensor  fields 
of  view  studied,  the  corresponding  display  scale  factors  were 
1:216,000,  1:108,000  and  1:54,000.  Observers  were  allowed 
either  10,  20  or  40  seconds  viewing  time  and  were  asked  to 
recognize  targets  such  as  airfields,  tank  farms  and  a  stadium. 

In  analyzing  the  resulting  data,  Simon  did  not  take  into 
account  the  fact  that  imagery  scale  factor  was  being  varied 
simultaneously  with  display  size  and  sensor  field  of  view. 
Simon's  data  have  been  replotted  in  Figure  13  in  a  manner  which 
allows  both  display  size  and  imagery  scale  factoi.  to  be  related 
to  probability  of  target  recognition  for  each  of  the  three 
viewing  times  studied.  Inspection  of  Figure  13  reveals  that 
display  size,  imagery  scale  factor  and  viewing  time  all  have 
marked  impacts  upon  target  recognition  performance. 

It  can  be  seen  from  the  figure  that  the  effects  of  display 
size  can  be  directly  cooiparc-d  at  the  1:108,000  scale  factor. 
Examination  of  the  figure  shows  that  performance  with  the  12- 
inch  display  was  inferior  to  performance  with  the  six-inch 
display  at  this  scale  factor.  It  is  further  apparent  that 
performance  with  the  12-inch  display  at  the  1:108,000  scale 
fachir  was  not  much  better  than  performance  with  the  six-inch 
display  at  the  much  higher  scale  factor  of  1:216,000.  If  one 
linearly  extrapolates  the  six-inch  display  curve  to  the 
1:54,000  scale  factor,  it  would  appear  that  the  12-inch  display 
should  produce  performance  comparable  with  the  six-inch  display. 
It  would  seem,  therefore,  that  the  effects  of  display  size  upon 
probability  of  target  detection  are  fundamentally  similar 
whether  PPI  or  imagery  presentations  are  involved.  Smaller 
displays  result  in  higher  probabilities  of  target  detection. 

CONTINUOUS  CONTROL  TASKS 


Introduction 


One  of  the  primary  displays  likely  to  be  found  in  cockpits 
of  future  aircraft  will  be  the  Electronic  Attitude  Director 
Indicator  (EADI) .  A  related  display  used  for  head-up  flightpath 
control  and  weapon  deliver^'  will  be  the  Head-Up  Display  (HUD)  . 
With  very  few  exceptions,  symbology  for  these  types  of  displays 
is  electronically  generated,  thereby  allowing  for  considerable 
latitude  in  selecting  display  sizes  and  information  scale 
factors  (sensor  field  of  view  considerations) . 
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EADI's  and  HUD's  can  contain  a  variety  of  different  types 
of  infonoation  presented  in  several  ways.  For  example,  Ketchel 
and  Jenney  (Ref.  206)  reviewed  current  and  proposed  display 
designs  and  conclude  t.hat',  in  relation  to  real-world  counter¬ 
parts,  scale  factors  for  pitch,  roll  and  heading  information 
range  from  1:1  to  1:6,  which  is  a  sizeable  range.  Additionally, 
overall  sizes  and  shapes  of  electronic  flight  displays  are  not 
consistent.  Benjamin  (Pef.  26)  reports  that  the  EADI' for  the 
Navy  F-14  aircraft  will  be  a  square  display  measuring  approxi¬ 
mately  five  inches  on  each  side.  Other  EADI's  which  have  been 
designed  or  flown  have,  on  occasion,  been  larger,  with  some 
exceeding  nine  inches  in  diagonal  dimension.  Finally,  the 
aspect  ratios  of  all  EADI's  are  not  square.  Width  frequently 
exceeds  height  by  factors  of  1.1  to  1.4.  Similar  trends  may  be 
identified  for  HUD's,  although  aspect  ratio  for  these  displays 
generally  is  unity. 

Because  of  variations  in  overall  size,  aspect  ratio 
(height-to-width)  and  information  scale  factors,  and  because 
display  dimension  variations  are  known  to  affect  both  picture 
quality  and  human  performance  measures,  it  is  both  realistic 
and  timely  to  examine  the  effects  which  such  variations  may  have 
upon  continuous  control  performance. 

Design  Variable  Relationships 

As  with  radar  or  other  imagery-type  displays,  both  display 
size  and  scale  factor  (sensor  field  of  viev/)  may  be  anticipated 
to  influence  continuous  control  performance.  With 'EADI's  or 
HUD's,  either  variable  may  be  changed  independently  of  the 
other.  In  other  instances,  however,  simply  expanding  display 
size  may  serve  to  automatically  increase  scale  factor,  even 
though  sensor  field  of  view  is  held  constant.  An  example  is  the 
display  of  bank  angle  information.  As  display  width  is  in¬ 
creased,  the  bank  angle  scale  factor  may  be  considered  to 
increase,  primarily  because  the  horizon  line  will  now  extend 
a  greater  distance  from  the  display  center,  tesulting  in  the 
extrestes  of  the  line  traveling  greater  distauices  for  each  degree 
of  bcink  angle  change.  Applying  the  converse  of  the  argument, 
if  sensor  field  of  view  is  held  constant,  reductions  in  display 
size  will  produce  corresponding  reductions  in  pitch  bank  and 
heading  scale  factors.  It  certainly  would  not  be  impossible 
to  reduce  display  size  to  the  point  where  continuous  control 
performance  would  diminish  simply  because  the  resulting  scale 
factor  would  be  insufficient  to  allow  for  necessary  scale 
reading  accuracy.  Accordingly,  precision  of  continuous  control 
tasks  would  diminish,  although  the  degree  of  degradation  most 
certainly  would  be  influenced  by  system  (aircraft  and  controller) 
dynamics. 
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It  is  unlikely  that  there  is  one  display  size,  aspect 
ratio  or  information  scale  factor  wliich  will  result  in  optimor. 
continuous  control  performance  for  all  system  and  controller 
dynamics.  It  is  likely  that  the  effects  of  display  size,  aspect 
ratio  and  scale  factor  will  vary  as  a  function  of  the  information 
content  of  the  display  and  the  pilot's  task.  For  example,  if  the 
pilot's  task  involves  the  ccxnpensatory  tracking  of  properly 
quickened  and  scaled  steering  commands,  it  is  unlikely  that 
other  display  dimension  variables  will  have  a  marked  impact  upon 
his  performance.  However,  this  is  not  to  suggest  that  quickening 
removes  requirements  for  the  proper  design  of  other  display 
elements.  Vreuls  et  al.  (Ref.  372),  for  example,  have  shown  that 
the  use  of  either  expanded  localizer  symbols  or  rising  runway 
symbols  (radar  altitude)  can  enhance  touchdown  performance  during 
simulated  Category  III-C  (zero  visibility)  landings.  However, 
combining  the  expanded  localizer  and  rising  runway  information 
into  one  symbol  which  moved  both  vertically  and  laterally  in 
response  to  input  signals  produced  touchdown  performance  which 
was  inferior  to  that  obtained  when  neither  rising  runway  nor 
expanded  localizer  was  present.  These  statistically  significant 
findings  were  obtained  even  though  the  pilot's  (apparently) 
primary  task  was  the  compensatory  tracking  of  integrated, 
quickened  ccxnmand  steering  symbols.  It  is  apparent,  therefore, 
that  pilot  task  and  other  EADI  content  influence  display 
dimension  requirements,  and  most  certainly  influence  research 
findings . 

For  flying  tasks  not  involving  the  use  of  quickened  steer¬ 
ing  commands,  it  is  to  be  anticipated  that  display  size,  aspect 
ratio  and  scale  factor  will  play  more  significant  roles  in 
aircraft  control.  It  is  also  to  be  anticipated,  however,  that 
mission  requirements  (e.g.,  level  flight,  terrain  avoidance  or 
airborne  weapon  delivery)  also  will  have  meaningful  impacts  upon 
EADI  or  HUD  design.  Finally,  the  effects  of  aircraft  and 
controller  dynamics  certainly  will  be  influential,  as  will 
environmental  factors* such  as  turbulence. 

It  is  not  the  objective  of  this  review  to  attempt  to 
.specify  the  characteristics  of  an  optimum  or  universally 
appliccible  EADI  or  HUD  display.  Rather,  relevant  research  is 
reviewed  so  that  varicibles  of  established  impact  can  be 
identified  and  the  nature  of  their  effects  and  interactions 
dociimented  for  future  consideration.  Indeed,  as  many  human 
factors  engineers  and  display  design  engineers  have  repeatedly 
f>ointed  out,  it  will  prob^d3ly  be  necessary  to  verify  display 
design  through  simulation  or  inflight  testing.  Because  of  the 
numerous  variables  involved  in  the  man-machine  interaction 
related  to  continuous  control  tasks,  it  is  likely  that  this 
necessity  may  persist  for  many  years  to  come. 
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Display  size  and,  corsequently ,  pitch  and  bank  angle  scale 
factors  rave  been  examined  indirectly  through  the  evaluation  of 
alterrativ'e  design^  for  electromechanical  attitude  director 
indicators  (ADI's).  It  nust  be  recerbered,  however,  that 
indirect  comparisons  can  provide  only  indirect  information 
because  numerous  other  display  features  also  are  involved.  For 
vhat  it  r.ay  be  worth,  however,  .Monroe,  Vreuls  and  Semple 
(?;ef.  244)  present  a  sumnary  of  a  study  by  Gainer  et  al.  (Pef- 
124)  in  which  instrument  approach  and  landing  performance  was 
investigated  as  a  function  of  attitude  director  indicator 
design.  Two  smaller,  four-inch  AEI’s  (Sperry  HZ-4  and  Bendix 
3G0)  were  contrasted  with  two  larger,  five-inch  ADI's  (Sperry' 
HZ-6  and  Collins  FE>-1G9)  .  Forty  commerical  aviation  and 
military  pilots  flew  a  total  of  1,920  simulated  ILS  Category 
III-C  approaches  and  landings  in  a  multi- jet  simulator 
representing  the  Boeing  7C7  aircraft.  All  approaches  were 
initiated  at  2,500  feet  altitude  and  12  miles  from  the  simulated 
glideslope  transmitter.  In  addition  to  types  of  flight  director 
displays,  cross  wind  conditions  and  altitudes  at  which  autopilot 
failures  occurred  also  were  systematically  varied  and  tested. 

All  approaches  started  with  the  autopilot  in  the  coupled  mode. 
During  each  approach  autopilot  failures  were  separately  intro¬ 
duced  in  both  the  pitch  and  roll  axes  in  order  to  require  the 
pilots  to  manually  fly  the  simulator  using  the  various  ADI's. 

At  touchdown,  pilots  al'ways  were  in  full  manual  control  of  all 
axes.  Both  objective  system  performance  data  axxi  pilot  opinion 
data  were  collected  arKl  analyzed.  Representative  measures  of 
touchdown  performance  included:  runway  range,  centerline 
deviation,  roll  attitude,  pitch  attitude,  heading  error,  air¬ 
speed,  vertical  velocity  and  drift  rate.  Analysis  of  the  data 
showed  that  34%  of  the  touchdowns  were  successful  with  the 
smaller  displays,  while  SOX  were  successful  with  the  larger 
displays.  It  is  quite  obvious  that  all  of  the  displays  had 
been  tested  beyond  their  design  limits.  However,  the  larger 
displays  did  produce  some'what  better  performance.  Pilot 
preference  also  favored  the  larger  displays. 

Roscoe,  Easier  and  Dougherty  (Pef.  284)  have  recently 
reported  a  study  conducted  in  1951  to  investigate  the 
proficiency  with  which  pilots  could  make  takeoffs  and  landings 
using  a  periscope  as  the  only  source  of  outside  visibility. 

Using  a  twin-engine  Cessna  T-50,  six  military  pilots  flew 
take-offs,  conplete  traffic  patterns  and  spot  landings.  The 
aircraft's  artificial  horizon  was  covered;  glideslope  and 
localizer  displacement  displays  were  not  used.  The  pilots'  only 
attitude  and  position  reference  to  the  outside  world  was  by 
means  of  a  projected  periscope  display. 

Roscoe  et  al.  cite  a  preliminary  study  by  Roscoe  (Ref. 
281)  involving  measurement  of  the  precision  with  which  pilots 
controlled  the  attitude  of  an  aircraft  while  performing  standard 


38 


ir.strur-ent  flight  patterns.  Size  of  the  projection  periscope 
display  area  and  the  field  of  view  of  the  sensor  optics  were 
varied.  Although  no  data  are  presented,  Roscoe  et  al.  report 
that  results  of  the  experiment  clearly  indicated  that  the 
precision  with  which  pilots  could  control  the  attitude  of  the 
aircraft  using  the  pictorial  display  improved  significantly  witn 
increases  in  the  size  of  the  display  size  up  to  eight  inches  by 
eight  inches.  They  also  rep>ort  that  wider  angles  of  horizontal 
visibility  associated  with  lower  image  magnifications  resulted 
in  greater  precision  in  the  pilots*  control  of  aircraft  attitude 
in  horizon-reference  maneuvers  (e.g.,  rated  turns,  cliris, 
descents  and  combinations  thereof) . 

In  the  experiment  reported  in  Ref.  2  84,  Roscoe  et  al. 
varied  the  magnification  (i.e.,  the  scale  factor)  of  the 
projected  periscope  display.  The  display  was  mounted  at  tne 
windscreen  directly  in  the  pilot’s  line  of  sight.  Viewing 
distance  was  15  inches.  When  viewed  from  this  distance,  the 
viewing  screen  subtended  a  monocular  field  of  view  of  30 
degrees.  Consequently,  if  a  30-degree  outside  angle  was 
included  in  the  eight  inch  by  eight  inch  image,  the  resulting 
magnification  (scale  factor)  was  one.  By  making  alterations 
to  the  sensor  field  of  view,  scale  factors  of  0.86,  1.20  and 
2.00  w'ere  achieved  for  investigation.  In  addition  to  collecting 
touchdown  data  for  the  three  scale  factor  conditions,  data  were 
recorded  for  visual  contact  landings  in  order  to  provide  a 
baseline. 

Two  measures  of  performance  were  recorded  by  Roscoe  et  al. 
The  indices  of  safety  was  simply  the  number  of  times  whic.h  safety 
pilots  had  to  assist  pilots  in  making  takeoffs  or  landings. 

These  numbered  only  four  out  of  120  takeoffs  and  landings,  and 
were  not  analyzed  further.  Assuming  sufficient  training,  the 
authors  concluded  that  the  safety  of  periscope  flight  had  been 
demonstrated.  The  index  of  accviracy  of  landing  was  the 
difference  in  feet  between  the  point  of  landing  and  the  desired 
landing  spot.  Touchdown  accuracy  data  were  analyzed  to  deter¬ 
mine  the  influence  of  different  image  scale  factors  (magnifi¬ 
cations)  ,  the  effects  of  practice,  and  the  effects  of  using 
the  periscope  in  comparison  with  contact  landings.  Figure  14 
presents  distributions  of  touchdown  errors  for  each  of  the  scale 
factors  and  for  contact  landings.  Figure  15  shows  variability 
of  touchdown  errors  as  a  function  of  practice  and  display 
conditions . 

Mean  touchdown  errors  were  found  to  be  a  simple  inverse 
linear  function  of  image  magnification  within  the  range  of 
magnifications  studied.  In  comparison  with  perfect  tcuchdowr. 
performance  (zero  error),  the  0.86  magnification  resulted  in  an 
average  72  foot  overshoot.  The  difference  was  statistica 1 ly 
significant  at  the  .03  level  of  confidence.  The  authors 
attribute  the  overshoot  to  the  fact  that  the  0.86  magnif icaticn 
produced  an  effect  somewhat  like  looking  through  binoculars 
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Figure  14.  Distributions  of  Touchdown  Points 
(Adapted  frco  Ref.  284) 


Figure  15.  Variability  of  Touch¬ 
down  Points  as  a  Function  of  Practice 
(Adapted  fron  Ref.  284) 


Mumber  of  Landings 


backwards;  tbe  effect  is  that  objects  aj:pear  fartdier  away  tr.ar. 
they  actually  are.  The  2.00  racnif icatior.  resulted  in  an 
average  200  foot  ur.dershcct,  which  was  significantly  different 
from  zero  undershoot  at  the  .005  level  of  confidence.  The 
effect  of  the  2.00  magnification  was  to  .make  objects  appear 
closer  than  they  actually  were.  Finally,  the  1.2  magnif icatic.n, 
which  caused  obiects  to  appear  approximately  the  same  distance 
away  as  they  would  when  viewed  with  unrestricted  contact 
visibility,  resulted  in  average  touchdown  errors  which  were  not 
significantly  different  from  either  zero  error  or  from  the 
average  error  observed  for  visual  landings.  Similar  trends  .may 
be  observed  in  t.he  variability  of  touchdown  errors  as  shown  i.n 
Figure  15.  It  should  be  noted,  however,  that  variability  of 
touchdown  performance  consistently  diminished  as  a  function  of 
practice.  No  statistically  significant  differences  were  fcund 
among  the  four  conditions  during  the  last  block  of  five  lar.aings. 

Based  upon  the  results  of  the  studies  by  Roscoe  (Ref.  281) 
and  Roscoe  et  al.  (Ref.  284)  it  would  appear,  at  least  for 
flight  by  periscope,  that  reduced  magnification  may  enhance 
horizon-reference  flight  performance,  while  a  magnification 
factor  approaching  one  is  to  be  preferred  for  approach  and 
landing  performance. 

In  1962,  Fedderson  (Ref.  368)  reported  a  comparison  of 
helicopter  hovering  performance  using  eight-inch  and  a  14-inch 
contact  analog  displays-  Hovering  performance  was  measured  in 
the  Bell  Helicopter  Sim.ulaticn  Laboratory  using  a  six  degree  of 
freedom  dynamic  platform.  No  statistically  reliable 
differences  were  reported  for  hovering  performance  as  a  function 
of  display  size.  Cross  and  Bittner  (Ref.  97  )  point  our, 
however,  that  the  hovering  task  required  during  simulation  trials 
involving  the  14-inch  display  was  more  difficult  than  the 
hovering  task  used  with  the  eight-inch  display.  It  is  quite 
difficult,  therefore,  to  draw  any  meaningful  conclusions  from 
Fedderson 's  study. 

Cross  and  Bittner  (Ref.  97)  have  recently  reported 
experimental  data  generated  using  a  vertical  contact  analog 
display  (VCAD) .  The  objectives  of  their  studies  were  to  define 
the  relationship  between  VCAD  display  size  and  the  accuracy  of 
judging  certain  flight  parameters,  and  to  obtain  estimates  of 
the  absolute  accuracy  with  which  selected  flight  parameters 
could  be  judged  as  a  function  of  display  size.  Using  what  is 
described  as  a  general  purpose,  fixed-base  aircraft  simulation, 
experimental  subjects  were  required  to  make  control  inputs  to 
adjust  VCAD  presentations  for  various  pitch  angles,  roll  angles 
and  altitudes.  The  VCAD  displayed  only  ground  plane  and  sky 
plane  contact  analog  textures,  along  w’ith  a  horizon  line.  Other 
contact  analog  symbology  was  not  used.  Control  inputs  were  not 
aerodynamical ly  crosscoupled ;  accordingly,  for  example,  changes 
in  roll  angles  did  not  produce  corresponding  changes  in  pitch 
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angle,  or  subsequently,  altitude.  Manipulations  in  display  size 
were  accomplished  by  changing  the  sizes  of  tne  CRT’s 
or.  which  the  display  was  presented,  while  holding  viewing 
distance  constant  at  32  inches.  Four  different  tube  sizes  were 
used  (5-inch,  8-inch,  14-inch  and  17-inch).  Tube  dimensions  in 
inches  and  corresponding  visual  angle  dimensions  are  shown  in 
Table  2.  A  1:1  relationship  between  display  movement  and 
corresponding  real-world  cues  was  used  for  all  display  sizes. 
-Results  of  several  separate  experiments  are  discussed  below: 


Table  2.  Display  Dimensions  Studied  by  Cross  and  Bittner 


Tube  Size 

Height 

Width 

5  inches 

3.4“  (6°  6') 

4.5“ 

(70  58') 

8  inches 

5.4-  (90  34') 

1 

o 

• 

(120  30') 

14  inches 

9.1“  (160  16') 

11.9“ 

(210  4') 

17  inches 

10.9“  (190  22') 

14.2“ 

(250  2') 

Roll  angle  control  was  investigated  by  requiring  four  non¬ 
pilots  to  maintain  pre-specif ied  roll  angles  in  the  presence  of 
low  amplitude,  low  frequency  forcing  functions  '.n  the  pitch  and 
roll  axes.  Subjects  operated  a  rate  control  joystick  to 
maintain  roll  angles  of  zero,  20  and  60  degrees.  Eight,  14  and 
17-inch  display  sizes  were  used.  Each  subject  maintained  each 
roll  angle  for  ten  two-minute  trials  using  each  display  size. 
Results  of  the  experiment  showed  that  subjects  were  able  to 
maintain  all  three  roil  auigle  standards  with  very  high  degrees 
of  accuracy  after  only  a  few  trials.  Maximum  error  seldom 
exceeded  two  degrees,  regardless  of  display  size  used.  Average 
absolute  error  averaged  over  a  trial  seldom  exceeded  0.5 
degrees.  Root  mean  square  (RMS)  error  data  are  plotted  in 
Figure  16  as  a  function  of  roll  angle  and  display  size.  Curves 
for  other  display  sizes  were  analytically  determined  and  are 
shown  in  the  figure. 

Two  aspects  are  of  signficance  in  Figure  16.  First,  all 
roll  angle  RMS  error  values  are  quite  small.  Second,  it  is 
quite  apparent  that  display  size  interacted  with  the  particular 
roll  angles  which  subjects  attempted  to  hold.  Cross  and 
Bittner  indicate  that  the  causes  of  the  interaction  are  not 
totally  clear,  but  may  be  due  in  part  to  difficulty  in 
perceptually  integrating  over  large  display  areas.  Based  upon 
these  data.  Cross  and  Bittner  concluded  that  the  ■optimal'' 
display  size  is  dependent  upon  the  magnitude  of  the  roll  angle 
being  judged.  If  the  roll  angle  standard  falls  below  18 
degrees,  larger  size  displays  are  favored.  If  roll  angle 
exceeds  18  degrees,  smaller  sizes  prove  better.  Considering 
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overall  trends  in  the  data,  they  conclude  that  an  11-inch 
display  would  appear  to  be  the  most  effective  tradeoff  for 
minimizing  errors  over  a  wide  range  of  roll  angles. 

In  a  separate  experiment.  Cross  and  Bittner  determined  the 
accuracy  with  which  three  naval  aviators  and  three  non-pilots 
could  make  absolute  roll  angle  judgements  as  a  function  of 
display  size.  By  verbal  ccmmand,  the  experimenter  requested 
that  roll  angles  ranging  from  60  degrees  right  roll  through  60 
degrees  left  roll  be  set  in  by  the  subjects  using  a  joystick 
rate  control.  No  roll  angle  scale  was  used.  Correctness  of 
response  feedback  was  provided  in  order  that  learning  could 
occur.  Analysis  of  average  errors  and  absolute  average  errors 
showed  that  display  size  did  not  affect  the  abilities  of  subjects 
to  set  in  various  roll  angles.  Further  analysis  of  the  data 
showed  that  an  average  subject  should  be  able  to  set  in  a  roll 
angle  within  +  3.0  degrees  on  99.97  percent  of  his  attempts, 
regardless  of  the  roll  angle  he  may  be  attempting  to  establish. 
Figure  17  shows  average  cibsolute  error  (AA£)  as  a  function  of 
the  roll  angles  which  subjects  were  requested  to  establish  using 
the  VCAD.  It  is  apparent  from  the  figure  that  AAE  was  different 
as  a  function  of  the  roll  angle  to  be  set  in. 

Cross  and  Bittner  also  investigated  the  effects  of  display 
size  upon  the  ability  of  non-pilots  to  maintain  pitch  angles  at 
plus  or  minus  75°,  450,  30o,  15o  or  QO.  Five,  8,  14  and  17-inch 
display  sizes  were  investigated.  Sine  wave  forcing  functions 
were  introduced  into  both  the  pitch  and  roll  channels,  and  the 
siibjects*  task  was  to  operate  a  rate  control  joystick  to  main¬ 
tain  pitch  attitude  separately  at  each  of  the  nine  pitch 
attitude  reference  values.  The  tracking  of  pitch  attitudes  was 
performed  for  several  variations  in  roll  angle.  Average 
absolute  error  and  RMS  error  scores  were  computed  as  performance 
indices . 

As  Cross  and  Bittner  point  out,  the  amount  of  change  in  the 
position  of  the  horizon  line  that  results  from  an  increment  in 
pitch  angle  is  a  function  not  only  of  pitch  angle,  but  also 
display  size  and  viewing  angle  (i.e.,  sensor  field  of  view). 

The  relationship  among  these  variables  is  shown  in  Figure  18 . 

When  display  viewing  angle  is  manipulated  to  maintain  a  1:1 
correspondence  between  the  display  and  the  real-world,  the 
amount  of  change  in  the  position  of  the  horizon  line  that 
results  from  a  given  increment  in  pitch  angle  is  the  same, 
regardless  of  the  size  of  display  used.  Conversely,  if  viewing 
angle  is  held  constant  while  display  size  is  varied,  the  amount 
of  horizon  line  displacement  per  pitch  increment  increases  as  a 
direct  function  of  display  size.  Consequently,  larger  displays 
provide  a  more  sensitive  index  of  change  in  pitch  angle  than 
smaller  displays  assuming  that  display  viewing  angle  remains 
constant.  Cross  and  Bittner  held  viewing  angle  constant  while 
varying  display  size. 
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Average  Absolute  Error  in  Degrees 


Figure  17.  Average  Absolute  Error  of  Roll  Angle  Judgements  as 
a  Function  of  Roll  Angle  Magnitude-  (Adapted  from  Ref.  97) 
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Figure  18.  Effect  of  Display  Size  and  Display  Viewing 
Angle  on  the  Amount  of  Displacement  of  the  Horizon  Line 
Resulting  from  a  15“  Increment  in  Pitch. 

(Adapted  from  Ref.  97) 
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As  they  point  out,  asking  a  subject  to  maintain  a  given 
pitch  angle  with  varying  sized  displays  is  a  legitimate 
procedure.  However,  once  a  subject  is  asked  to  ascribe 
numerical  values  to  a  given  pitch  angle  (absolute  judgement) , 
the  task  becomes  impossibly  confusing-  For  example,  if  subjects 
were  asked  to  judge  the  position  of  the  horizon  line  according 
to  a  "real-world"  criterion,  error  would  autcmatically  increase 
as  a  function  of  display  size,  at  least  for  conditions  wherein 
display  viewing  angle  (sensor  field  of  view)  is  held  constant. 
Consequently,  they  did  not  require  subjects  to  make  absolute 
judgments  of  pitch  angle  as  a  function  of  display  size  in  this 
study.  Subjects  only  tracked  pre-established  pitch  attitudes. 

Results  of  the  study  are  shown  in  Figures  19  and  20. 

Figure  19  shows  the  relationship  between  AEE  (in  volts)  and 
display  size.  The  data  represent  predictions  for  an  average 
subject  maintaining  the  zero  degree  pitch  angle  standard  after 
training.  Since  there  was  no  interaction  between  display  size 
and  pitch  angle  standard,  the  shape  of  the  curve  can  be 
considered  representative  for  all  standards.  It  can  be  seen 
that  AAE  was  found  to  be  least  for  intermediate  display  sizes. 
The  minimum  point  on  the  curve  was  found  to  correspond  with  a 
12.25-inch  display. 

RMS  error  is  sho%ra  in  Figure  20  as  a  function  of  a  display 
size  and  magnitude  of  the  pitch  angle  standard.  Because  of  the 
close  proximity  of  the  curves  for  the  various  display  sizes. 
Cross  and  Bittner  only  published  curves  for  worst  and  best  case 
conditions.  The  curve  for  the  five-inch  display  represents  the 
worst  case,  while  the  computed  curve  for  a  12.25-inch  display 
represents  a  best  case.  Curves  for  all  other  display  sizes  fell 
within  these  bounds.  The  most  striking  effect  in  Figure  20  is 
the  finding  that  the  minus  75  degree  pitch  angle  standard  was 
clearly  more  difficult  than  the  remaining  standards.  Otherwise, 
there  was  little  difference  among  RMS  error  scores  for  the 
remaining  standards.  Of  particular  interest- is  the  absolute 
magnitude  of  the  RMS  error  data  for  the  various  standards. 
Considering  the  12 . 25-inch  display,  RMS  error  was  less  than  one 
degree  for  all  standards  except  the  75  degree  standard.  Since 
RMS  error  is  an  estimate  of  the  standard  deviation  of  errors 
about  the  mean,  it  is  q[uite  apparent  that  the  average  subject 
could  maintain  pitch  angle  within  three  degrees  of  pitch  angle 
standards  from  negative  45  degrees  to  positive  75  degrees  over 
99X  of  the  time.  The  considerably  degraded  performance 
associated  with  the  negative  75  degree  standard  was  attributed 
to  ineffective  pitch  angle  cues  available  for  this  condition. 

The  following  general  conclusions  appear  warranted  based 
upon  the  experiments  of  Cross  and  Bittner.  The  effects  which 
display  "size  had  upon  absolute  judgements  of  pitch  and  roll 
angle  magnitudes  was  quite  small.  Display  size  was  consistently 
found  to  have  an  effect  on  the  accuracy  with  which  an  assigned 


47 


Figure  19.  AAE  as  a  Function  of  Display  Size. 
(Adapted  frcm  Ref.  97) 


Figure  20.  RMS  Error  as  a  Function  of  Display  Size  and 
Pitch  Attitude  Controlled.  (Adapted  from  Ref.  97) 


value  of  pitch  or  roll  could  be  maintained.  Intermediate 
display  sizes  resulted  in  the  most  accurate  performance, 
although  an  "optimtim"  display  size  would  have  to  be  selected 
based  upon  the  particular  pitch  or  roll  angle  being  controlled. 
Considering  the  pitch  angle  studies,  performance  was  optimized 
for  display  sizes  ranging  from  approximately  8  to  13  inches. 

The  display  size  foiind  best  in  these  studies  was  the  Il-inch 
display.  In  contrast,  a  rather  pronounced  interaction  between 
display  size  and  magnitude  of  the  roll  angle  standard  was 
found.  Larger  displays  were  favored  if  the  standard  was  less 
than  18  degrees,  while  smaller  displays  were  better  for 
standards  greater  than  18  degrees.  The  display  size  which 
appeared  to  maximize  judgement  accuracy  across  all  roll  angles 
was  an  11  inch  display.  When  all  results  of  these  experiments 
are  considered  as  a  unit,  the  11-inch  display  appears  to 
represent  an  optimum  trade-off- 

The  reader  is  cautioned  against  over  generalization  of 
these  data,  however.  First  of  all,  the  data  were  collected 
using  an  eye-tc-display  viewing  distance  of  32  inches.  There¬ 
fore,  any  generalization  of  the  data  to  other  viewing  distances 
should  be  accomplished  on  the  basis  of  visual  angle  dimensions 
rather  than  inches  of  display  height  or  width.  Second,  the  data 
were  collected  in  the  context  of  contact  analog  display  system 
information  content  and  presentation  format.  It  would  be 
expected  that  the  effects  of  display  size  might  be  somewhat 
different  for  displays  of  lesser  pictorial  content  and  greater 
symbolic  content.  The  use  of  pitch  ladder  scales  and  roll  angle 
scales  are  two  primary  examples  of  how  information  content  might 
influence  the  effects  of  display  size  upon  absolute  judgement 
performance  if  not  continuous  control  performance.  Similarly, 
performance  might  vary  as  a  function  of  display  viewing  angle 
(sensor  field  of  view) .  Also,  in  the  simulation  used,  aero¬ 
dynamic  crosscoupling  was  not  present.  Additionally,  many  of 
the  other  flight  tas)is  required  of  the  pilot  were  not 
simulated.  Finally,  qualified  pilots  were  not  used  in  all  of 
the  experiments.  It  is  unlikely,  however,  that  this  had  any 
affect  upon  the  data  due  to  the  relative  simplicity  of  the  tasks 
involved.  For  full  task  simulation,  however,  the  use  of 
qualified  pilots  would  be  a  necessity. 

CONCLUSIONS 


Considering  just  electronic  displays  used  for  flight  path 
control  (ElADI's),  experimental  data  which  have  the  most  direct 
application  are  those  published  by  Roscoe  et  al.  (Ref.  284) 
and  Cross  and  Bittner  (Ref.  97).  In  these  studies,  terminal 
area  flight  control,  approach  and  landing  and  a  variety  of  other 
attitude  control  tasks  were  examined  to  determine  the  effects  of 
display  size  upon  task  performance.  There  is  some  degree  of 
correspondence  between  the  results  of  the  studies,  even  though 
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Roscoe,  et  al.  used  a  projected  periscope  display  while  Cross 
and  Bittner  employed  contact  analog  displays.  Both  studies 
concluded  that  displays  with  a  diagonal  dimension  of  approxi¬ 
mately  11  inches  resulted  in  optimal  performance,  with  Cross  and 
Bittner  reaching  this  conclusion  from  investigations  of  pitch 
and  roll  angle  control  considerably  in  excess  of  those  used  by 
Roscoe  et  al.  Additionally,  Cross  and  Bittner  also  have  sho%m 
that  making  pitch  and  roll  angle  judgements  and  continuous 
control  of  pitch  and  roll  angles  are  not  markedly  influenced  by 
display  size  when  one  considers  that  an  EADI  must  be  designed 
to  produce  acceptable  control  performance  throughout  a  range  of 
360  degrees  of  both  pitch  and  roll- 

Based  upon  data  obtained  from  projected  periscope  images  of 
the  real-world,  Roscoe  et  al.  have  shown  that  a  magnification 
of  one  (i.e.,  a  display-to-real-world  ratio  of  1:1)  is  needed 
for  acceptable  approach  and  landing  performance.  The  data  of 
Cross  and  Bittner  are  predicated  upon  displays  with  a  magnifi¬ 
cation  of  one.  Whether  this  ratio  will  produce  adequate  pitch 
and  roll  scale  factors  for  continuous  control  of  all  aircraft 
dyn£unics«  cannot  be  answered  from  their  data.  Indeed,  the 
answer  to  this  question  cannot  be  provided  without  considering 
controller  and  system  (aircraft)  dynamic  response  character¬ 
istics  in  a  closed-loop  feedback  system  context.  As  discussed 
within  the  scale  legibility  portion  of  this  report,  relating 
display  scale  factor  to  continuous  control  performance  is 
beyond  the  purview  of  this  report.  It  must  be  pointed  out  that 
none  of  the  reports  reviewed  within  this  section  systematically 
varied  electronic  flight  display  scale  factors  for  either  pitch 
or  roll  attitude  control.  Thus,  conclusions  regarding  display 
size  which  may  be  drawn  from  available  data  are  limited  to 
displays  incorporating  scale  factors  of  1:1. 

■ 

Review  of  available  data  indicates  that  electronic  flight 
displays  ranging  in  diagonal  dimension  from  eight  through  17 
inches  produce  similar  control  precision,  with  an  11-inch 
display  providing  for  an  acceptable  tradeoff.  These  findings 
are  based  upon  a  viewing  distance  of  32  inches;  display  sizes 
would  be  linearally  reduced  for  shortened  viewing  distances. 

It  would  appear  that  additional  research  dealing  specifi¬ 
cally  with  display  size  for  EADI  displays  is  not  necessairy. 

What  will  be  needed,  however,  are  investigations  of  pitch  and 
roll  scale  factors  for  particular  aircraft  applications. 


SECTION  IV 


INFORMATION  CODING 


INTRODUCTION 

Williams  (Ref.  356)  stated  that  flight  is  inherently  a 
goal-directed  activity  and  that  every  flight  has  a  beginning  and 
an  end.  In  order  to  successfully  complete  this  activity,  a 
number  of  sub-goals  must  be  established  and  achieved  for  all 
phases  of  the  flight.  These  sub-goals  necessary  for  flight 
consist  of: 

1.  Direction  of  flight  -  ultimate  goal. 

2«  The  attitude  of  the  flight  -  performance  desired. 

3.  Mechanical  operation  of  the  craft  to  achieve  the 
above. 

It  is  hence  necessary  to  provide  the  pilot  with  means  of 
accomplishing  these  sub-goals.  This  requirement,  an  information 
syst^,  must  allow  the  pilot  to  set  up  indices  of  desired 
performance  and  to  control  the  aircraft  in  order  that  the 
desired  performance  will  be  achieved.  Additionally,  the  pilot 
must  take  into  account  other  requirements  of  flight.  These 
include  the  presence  and  flight  path  of  other  aircraft  relative 
to  his  own,  weather  conditions,  terrain  features,  flight 
regulations  and  the  physical  limitations  of  his  aircraft.  It  is 
the  express  function  of  the  on-board  data  management  and  display 
system  to  provide  him  with  the  above  information. 

Roscoe  (Ref.  283)  argues  that  the  sub-goals  of  flight  are 
related  in  a  hierarchical  fashion.  Through  direct  manipulation 
of  the  controls,  changes  cire  introduced  into  the  aircraft's 
attitude,  thrust  and  external  configuration,  which  in  turn 
affects  the  craft's  velocity  vector  and  this  indirectly  affects 
the  craft's  position  in  space  and  time.  These  changes  are  in 
turn  reflected  by  changes  in  the  aircraft's  display  indices. 

Since  information  is  conveyed  by  changes  in  these  indices,  it  is 
necessary  to  decide  upon  a  consistent  and  "natural*  (Carel,  Ref. 
58)  set  of  movement  relationships  in  the  display  system.  This 
is  the  basic  problem  in  the  design  of  integrated  visual  displays. 

The  concept  of  hierarchical  relationship  in  the  pilot's 
tasks  provides  the  rationale  for  theological  grouping  of 
information  into  a  relatively  small  number  of  integrated  displays . 
This  hierarchically  related  information  should  be  presented  in 
a  common  frame  of  reference  or  coordinate  systaa.  The  difficulty 
occurs  in  trying  to  decide  how  far  this  integration  will  proceed. 
Analysis  and  experience  suggest  that  at  least  two  views  of  the 
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flight  domain  should  be  presented:  a  horizontal  or  downward¬ 
looking  view  for  use  in  navigation  and  mission  requirements  and 
a  vertical  or  foi-ward- looking  view  used  for  flight  control. 

Simple  combinations  of  a  large  number  of  information  items 
in  a  single  display  unit  does  not  necessarily  result  in  an 
integrated  display  system.  The  underlying  principle  of  display 
integration  requires  related  information  to  be  presented  in  a 
common  reference  system  which  shows  the  relationships  among  .the 
items  to  be  perceived.  Additionally,  it  is  necessary  that  this 
relationship  be  perceived  directly  by  the  observer.  This 
necessitates  keeping  the  display  itself  as  simple  and  . 
unencumbered  as  possible.  On  the  other  hand,  it  is  necessary 
to  include  in  the  display  sufficient  information  for  the 
successful  operation  of  the  aircraft.  These,  and  many  other, 
restraints  dictate  symbolic  coding  of  the  information  presented. 

This  section  addresses  the  problem  of  how  information  is 
encoded  in  the  display  system,  i.e.,  examine  seme  of  the  symbol 
alphabets  developed.  But,  in  order  to  fully  appreciate  the 
strengths  and  weaknesses  of  the  reviewed  matter,  we  must  ask 
ourselves  what  it  is  that  one  is  looking  for.  By  a  definitive, 
but  necessarily  brief,  statement  of  seme  of  the  problems  and 
considerations  in  display  coding,  it  is  possible  to  ascertain 
where  the  present  state-of-the-art  in  symbology  research  stands. 
This  accomplished,  an  atten^t  is  made  to  reduce  the  rather 
extensive  fuaount  of  research  done  in  the  area  of  coding  to 
manageable  proportions  and  digest  the  results  and  recommendations 
found  therein.  By  so  dcing  it  is  possible  to  ascertain  those 
areas  where  additional  research  is  required. 

Figure  21  indicates  the  general  format  for ^this  section. 
Shape  coding  is  examined  first.  This  includes  a  review  and 
summary  of  the  general  work  in  the  area,  followed  by  a  closer 
look  at  some  research  aimed  specifically  at  radar  symbols.  This 
is  followed  by  a  sunnary  of  findings  and  general  recommendations. 
Next,  the  subject  of  color  coding  of  information  is  addressed. 
Scxne  of  the  major  advantages  amd  disadvantages  of  color  coding 
are  examined,  pertinent  research  evaluated  and  recommended  color 
alphabets  summarized.  Again,  research  recommendations  are 
proposed.  Finally,  the  use  of  flash  rate  as  a  coding  dimension 
is  addressed. 


SHAPE  CODING 


Introduction 


A  shape  code  is  used  to  symbolically  or  pictorially 
represent  a  given  amount  of  information  in  a  limited  amount  of 
space.  Because  of  their  capacity  to  transmit  various  amounts 
of  information  under  a  number  of  operating  conditions,  a  large 
number  of  shape  code  alphabets  have  arisen  in  the  literature. 


52 


Information 
to  be  Displayed 


c 

c 

% 

e  *> 

3 

o  a 

E  E 

M  O 

tu  U 

-P  O 

U 

ab 

O 

o 

S 

a 

■p 

« 

e  J3 

o  x: 
u<  a 


53 


Figure  21.  Information  Coding  Section. 


It  is  impractical  (or  impossible)  to  consider  all  of  them  in 
this  report.  For  this  reason,  this  review  has  been  limited  to 
those  studies  whose  results  could  make  possible  contributions  to 
the  establishment  of  optimal  airborne  electronic  display 
symbology.  Even  with  this  restriction,  it  is  necessary  to  limit 
this  review  to  those  studies  conforming  to  a  realistic  design 
methodology.  This  is  not  to  say  that  other  studies  not  reviewed 
are  not  sound;  rather  their  primary  sources  did  not  explicitly 
indicate  the  above  criterion. 

With  the  abundance  of  studies  in  the  area  of  form  perception 
and  sha’pe  coding,  it  is  necessary  to  ascertain  what  it  is  exactly 
tiiat  a  given  shape  code  is  to  do.  Only  after  this  has  been 
established  can  the  criteria  for  the  selection  of  this  code  be 
spelled  out.  Without  a  selection  criteria  formerly  fixed, 
journeys  through  the  literature  are  frustrating  and  often 
unrewarding.  With  the  selection  criteria  in  mind,  those  studies 
which  possess  possible  contributions  to  the  development  of  an 
optimal  shape  code  alphcibet  can  be  gleaned  out.  This, 
essentially,  is  what  this  review  attempts  to  do.  By  specifying 
that  the  code  (shape  or  other  codes)  is  to  be  limited  to 
electrically/optically  generated  airborne  displays  under 
operational  conditions,  and  is  to  be  used  to  transmit  operational 
information  through  integrated  displays  to  the  pilot  operating 
under  operational  stresses,  selection  criteria  for  the  code  can 
be  established. 

Criteria  for  the  selection  of  shape  codes  (or  any  codes  for 
that  matter)  should  be  established  by  answering  at  least  the 
following  questions: 

1.  What  is  the  optimum  sha^e  (color,  etc.)  for  the  code  to 
assume?  In  answering  this  question,  all  the  parameters  that  are 
expected  to  interact  with  this  symbol  should  be  considered  in  the 
selection  procedure.  The  cimount  of  dynamic  change  present  or 
expected,  the  criticality  of  the  information,  the  presence  or 
absence  of  other  symbols,  the  effects  of  rapidly  changing 
luminance  levels  must  all  be  considered. 

2.  Number  of  categories  -  How  many  discrete  symbols  will' 
be  required  to  provide  the  necessary  information  in  symbolic 
form?  This  minimum  number  of  symbols  should  be-  considered  with 
step  ninnber  one  since  different  shape  alphabets  have  definite 
size  limitations. 

3.  Minimum  amount  of  information  -  What  is  the  least  amount 
of  information  that  can  be  presented  and  still  successfully 
perform  the  mission?  If  possible,  a  symbol  type  and  alphabet 
should  be  selected  in  which  a  single  meaning  is  assigned  to  each 
symbo 1 . 
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а.  Optiiniut  symbol  size  -  How  large  {bright,  etc.)  does  the 
selected  symbol  have  to  be  in  order  to  provide  good  legibility 
under  the  range  of  operational  conditions  to  ^  encountered?  It 
is  necessary'  to  keep  the  symbol  as  small  as  practical  in  order 
not  to  interfere  with  the  readout  of  other  information,  but 
large  enough  to  ensure  accurate  transmission  of  the  required 
information.  This  consideration  includes  the  visual  angle 
subtended  by  the  symbol  as  well  as  the  stroke-width-to-height  of 
each  symbol. 

5.  Spacing  of  symbols  -  Hhat  are  the  spacing  requirements 
that  need  to  be  considered  in  order  to  present  the  maximum  amount 
of  information  required  on  the  display-  surface?  The  formatting 
of  the  symbology  is  important  to  produce  the  least  amount  of 
interference.  < 

б.  Absolute  identification  -  Will  it  be  necessary  for  the 
observer  to  read  the  symbol  alphabet  without  reference  to  a 
standard?  This  consideration  will  limit  the  size  and  complexity 
of  the  alphabet  selected. 

7.  Ease  of  learning  -  Is  the  alphabet  selected  such  that  it 
can  be  readily  learned  by  the  user  population  and  not  show  a 
performance  deterioration  during  adverse  or  emergency  situations? 
The  alphabet  sl,puld  be  equally  interpretable  under  adverse  as 
well  as  normal  conditions. 

8.  Safety  factors  -  Is  there  a  provision  for  a  safety 
factor  (an  alphabet  of  less  tluin  the  maximum  amount  of  symbols) 
in  the  event  it  will  have  to  be  used  in  noise  or  less  than 
ideal  conditions?  If  the  minimum  amount  of  discriminability  is 
left  between  symbols  in  an  alphabet,'  the  introduction  of 
relatively  low  amounts  of  noise  will,  in  most  cases,  significantly 
reduce  performance. 

9.  Technical  feasibility  -  Is  the  alphabet  feasible  for 
presentation  with  the  equipment  it  is  to  be  used  with?  The 
more  detailed  and  complex  the  alphabet,  the  more  sophisticated 
the  generation  equipment  must  be  to  present  it  with  the  desired 
resolution. 

With  the  above  usage  restrictions  and  selection  criterion, 
the  literature  produced  little  in  the  way  of  directly  pertinent 
information.  Most  of  the  studies  reviewed  dealt  with  low-light 
levels  under  laboratory  conditions.  Almost  all  of  the  studies 
dealt  with  only  one  to  two  of  the  many  parameters  interacting 
with  airborne  display  systems.  In  most  cases,  many  of  the 
significant  variables  were  not  even  recognized  (mentioned)  ,  let 
alone  controlled  for.  Most  of  the  subjects  were  operating  in 
unknown  or  stress  producing  environments  and  consequently  their 
results  can  be  expected  to  vary  from  the  performance  of  skilled 
subjects  (pilots)  familiar  with  the  experimental  conditions 
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(aircraft  flight,  etc.).  For  these  and  aany  other  reasons, 
generalization  from  the  literature  to  operational  conditions  is 
tenuous . 

In  light  of  the  above  discussion,  why  even  bother  reviewing 
many  of  the  older  studies  on  form  perception  and  shape  coding 
studies?  There  are  several  parts  to  the  answer  of  this  question. 
The  first  is  that  there  hacve  been  "significant  contributions" 
made  by  many  of  these  older  studies  to -the  problem  of  information 
display  systems.  Even  though  those  studies  were  unidimensional 
in  nature,  (one  parameter  varied  and  the  rest  of  the  world 
supposedly  held  constant) ,  they  tended  to  focus  attention  on 
seven  I  of  the  Vciricibles  important  to  information  coding 
(minimum  size,  viewing  angle,  form  perception  variables,  etc.). 
Secondly,  their  lack  of  examination  Of  the  interaction  effect  of 
many  of  the  variables  impinging  upon  their  results  have  spurred 
later  researchers  to  challenge  their  results  and  in  many  cases 
to  conduct  better  controlled  experiments.  Finally,  even  with 
the  weaknesses  and  limitations  of  these  findings,  the  results 
of  many  of  these  earlier  studies  have  crept  into  the  present-day 
thinking  on  display  design.  Valid  or  not,  much  of  this  thinking 
is  passed  on  frcm  one  generation  of  displays  to  the  next,  with 
little  consideration  given  to  its  a^licability . 

The  following  review  of  some  of  the  more  often  quoted 
studies  illustrate  mciny  of  the  above  problems.  The  first  few 
studies  examined  are  concerned  with  establishing  the  "best"  form 
or  establishing  those  characteristics  which  go  to  make  up  the 
best  form.  With  this  goal  in  mind,  consideration  should  be 
given  to  the  parametric  conditions  (the  Buiny  points  along  the 
continuum  of  per.  .rmance)  under  which  the  particular  form 
chaaqtioned  is  to  be  viewed.  In  order  to  declare  a  particular 
form  best,  the  conditions  under  which  it  is  best  must  be 
specified.  Systematic  (factorial)  testing  and/or  cc  “rol  of  the 
many  pcuraneters  which  interact  to  influence  obs  "ver  ..^erfc  mance 
should  be  conducted.  Finally  care  should  be  e  rcised  in  the 
development  of  the  methodology  in  order  to  ensur_-  that  the 
resulting  data  will  be  a  reliable  measiure  of  the  parameters  one 
wished  to  test. 

The  second  group  of  studies  looks  briefly  at  the  development 
of  symbol  alphcibets.  These  studies  are  concerned  with  the 
development  of  groups  of  readily  recognizable  and  easily 
discriminable  symbols  to  be  used  on  more  complex  displays. 

Form  Perception 


Research  on  shape  coding  of  information  has  its  roots  in 
early  studies  of  form  perception  going  all  the  way  back  to  the 
work  of  H.  C.  Stevens  in  1908  (Ref.  324),  Geissler  in  1926 
(Ref.  129),  Pease  in  1927  (Ref.  262)  and  Kleitman  and  Slier  in 
1928  (Ref.  210).  These  early  stirrings  soon  took  on  the  form  of 
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unofficial  movements  after  the  introduction  of  Gestalt  Psychology 
(Kafka,  1935  -  Ref.  187).  As  a  consequence  of  Kafka's  work  with 
the  Laws  of  Pragnanz,  considerable  research  was  generated  in  an 
attempt  to  ascertain  the  "best"  figure  in  the  Gestalt  tradition. 
Fehrer  in  1935  (Ref.  118)  found  that  simple  symmetrical  shapes 
are  most  easily  learned.  Woodworth  and  Schlossberg  in  1954, 

(Ref.  361)  emphasized  the  virtue  of  symmetry.  Fitts  et  al. 

(1956  -  Ref.  122)  found  that  figures  symmetrical  curound  the 
vertical  axis  led  to  sanewhat  better  performance  (accuracy  of 
recognition)  than  those  symmetrical  about  the  horizontal  axis. 
Attneave  in  1957  (Ref.  11)  found  that  observers  rated  simplicity 
of  shape  primarily  on  the  number  of  turns  in  the  contour  and 
their  symmetry  and  sharpness.  Dardano  and  Donley  (Ref.  99) 
found  that  complete  figures  (circles)  were  more  discriminable 
than  incomplete  figures  (1/2  circles) .  Gaito  (Ref.  126)  found 
the  propensity  to  perceive  a  curved  line  as  straight  to  be 
greater  than  the  reverse. 

In  opposition  to  the  Gestalt  principles.  Collier  in  1931 
(Ref.  83),  Whitmer  in  1933  (Ref.  353),  King  et  al.  in  1944 
(Ref.  207),  Casperson  in  1950  (Ref.  60),  Smith  and  Boyes  in 
1957  (Ref.  314)  all  demonstrated  that  triangles,  rectangles,  or 
crosses  are  superior  or  "better"  than  circles.  Rappaport  (Ref. 
274)  did  not  verify  his  hypothesis  that  symmetrical  figures 
would  result  in  better  performance  than  an  equally  complex 
assymetrical  figure.  Deese  (Ref.  104)  found  that  when  observers 
need  only  remember  one  form  at  a  time,  complex  forms  are  more 
accvirately  identified. 

Perhaps  it  would  be  of  benefit  at  this  point  to  ask  just 
what  this  or  that  figure  is  "better"  or  "best"  for.  Certainly, 
if  these  early  results  are  to  be  generalized  to  visual  display 
problems,  such  important  parameters  as  resolution,  brightness 
contrast,  ambient  and  background  illumination,  visual  noise, 
exposure  time,  and  redundancy  pannot  be  dismissed.  If  we  are  to 
extend  then  to  the  complex  visual  displays  addressed  here,  we 
must  take  into  consideration  such  psychological,  physiological, 
and  social  factors  as  individual  motivation,  psychological  set, 
individual  differences,  response  complexity,  channel  capacity, 
individual  cultural  orientation  and  form  familiarity.  Clearly 
the  early  studies  do  not  control  for  these  and  many  other 
variables,  but  they  are  considered  here  for  their  results  have 
vectored  later  decisions  on  coding.  Subsequent  researchers 
have  sometimes  quoted  these  studies,  somewhat  out  of  context, 
to  support  their  own  findings,  even  though  their  studies  were 
not  comparable.  Black  on  white,  white  on  black,  solid  and 
linear,  equal  area  and  equal  height  fonns  have  been  stirred 
together  without  particular  attention  paid  to  design. 

Several  studies  have  produced  results  which  indicate  that 
the  threshold  of  recognition  of  a  visual  test  object  is 
influenced  to  some  extent  by  the  shape  of  the  object.  Kleitman 
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and  Blier  (Ref.  210) ,  for  example  conducted  a  study  using  solid 
black  equal  area  forms  on  a  white  background  to  test  subjects 
on  direct  and  peripheral  vision.  Their  findings  indicated  that 
the  triangle  was  superior  to  the  circle,  square,  or  star  for 
both  direct  and  peripheral  vision,  and  that  the  triangle  has  the 
lowest  visual  threshold  of  the  forms  tested.  The  difficulty 
with  their  results  is  that  the  equal  area  design  gave  the 
triangle  the  advantage  in  angular  subtense.  This  variable  was 
not  discussed  by  the  authors. 

Collier  (Ref.  83)  presented  seven  different  solid  forms  in 
a  peripheral  view  study.  Kis  sizing  method  was  not  described. 

His  scoring  was  in  terms  of  extent  of  perimetric  field  and  a 
subjective  measure  of  certainty.  He  reports  that  equalateral 
and  isosceles  triangles  are  vastly  superior,  followed  by  the 
square,  parrallelogram,  circle,  hexagon  and  octagon  in  that 
order  (Table  3) .  Regardless  of  the  sizing  problem,  it  is 
obvious  that  confusion  possibilities  are  greatest  between  the 
hexagon,  octagon  and  the  circle.  Additionally,  the  two  triangle 
forms  used  were  not  adequately  described  and  consequently  little 
weight  can  be  placed  on  their  reported  advantages. 

Munn  and  Geil  (Ref.  251)  also  examined  equal  area  forms 
viewed  peripherally  to  determine  what  forms  could  be  most 
accurately  discriminated.  Two  forms  were  presented  simultaneously 
in  tne  peripheral  area  of  vision,  one  stimulating  the  lateral 
portion  of  each  eye.  The  subjects  (four)  were  instructed  to 
fixate  on  a  central  fixation  point  prior  to  exposure  of  the  forms 
presented.  Each  form  was  10  cm^  and  was  cut  out  of  black  paper 
which  was  then  placed  in  front  of  a  light  box  illuminated  by  a 
10  watt  bulb.  The  forms  were  viewed  from  a  distance  of  60  cm. 

The  box  aperture  was  covered  prior  to  exposure  with  white  paper. 

The  forms  were  presented  in  random  order  and  orientations  and 
at  different  peripheral  angles  (beginning  at  85°  and  descreasing 
in  5®  decrements) .  The  subjects  were  not  provided  with  knowledge 
of  results. 

Munn  and  Geil  reported  that  the  triangle  was  correctly 
recognized  over  the  greatest  parametric  field  followed  by  the 
square,  circle,  rectangle,  and  hexigon  in  that  order.  Again, 
angular  subtense  is  possibly  the  explanation  for  the  first 
three  ranks.  It  is  also  obvious  that  only  the  triangle  has  no 
confusion  form  in  the  five  symbol  design. 

Helson  and  Fehrer  (Ref.  162)  used  six  equal  area  solid 
black  on  white  forms  (area  ranging  fiom  approximately  800-1,000 
iran2)  in  their  study  of  light  and  form  thresholds,  just 
noticeable  form  and  form  certainty.  The  forms  illumination 
levels  were  increased  until  accurate  identification  was  obtained. 
The  symbols  were  viewed  from  a  distance  of  275  cm  (approximately 
nine  feet) .  The  results  indicated  that  the  triangle  and  the 
rectangle  were  the  best  forms  (i.e.  had  the  lowest  light  thresholds 
for  just  noticeable  light)  .  The  circle  did  not  place  first  or. 


Tcible  3.  Summary  of  Results  of  Study  by  Collier.  (Ref.  83) 


FORMS 

HORIZONTAL  RIGHT 

HORIZONTAL  LEFT 

Number  of 
exposures 

Per  cent 
correct 

Number  of 
exposures 

Per  cent 
correct 

Circle 

77 

69 

50 

68 

Octagon  ^ 

77 

28 

50 

30 

Hexagon 

77 

44 

50 

48 

Square 

77 

74 

50 

70 

Parallelogram 

77 

71 

50 

70 

Equilateral  Triangle 

77 

86 

50 

78 

Isosceles  Triangle 

77 

71 

50 

82 

539 

63  av. 

350 

64  av. 

VERTICAL 

UPPER 

VERTICAL 

LOWER 

Circle 

38 

38 

50 

50 

Octagon 

38 

18 

50 

33 

Hexagon 

38 

41 

50 

50 

Square 

38 

74 

50 

76 

Parallelogram 

38 

69 

60 

82 

Equilateral  Triangle 

38 

82 

50 

90 

Isosceles  Triangle 

38 

69 

60 

68 

266 

55  av. 

350 

64  av. 
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any  measure  taken  and  was  rated  as  "neither  gcxxl  nor  bad".  Table 
4  presents  a  summary  of  the  verbal  reports  given  by  the  four 
subjects  for  the  first  -  50  observations  with  each  form.  It  is 
observed  that  the  triangle  was  most  correctly  identified  by  the 
observers  and  showed  the  least  amotmt  of  confusion  with  the 
other  forms  used.  The  advantage  appears  to  be  explainable  in 
terms  of  angular  subtense  and/or  confusion  forms  within  the 
matrix. 

Whitmer  (Ref.  353)  conducted  a  study  in  which  he  found  that 
the  rank  order  of  different  shapes,  based  on  the  percentage  of 
correct  discrimination,  was  triangle  best,  followed  by  diamond, 
square,  rectangle,  circle  and  hexagon. 

King,  Landis  and  Zubin  (Ref.  207}  using  only  triangles, 
squares  and  circles,  found  subliminal  perception  (using  forced 
guesses)  to  exceed  chance  and  that  the  triangle,  though  not 
significantly,  did  exceed  the  other  two  forms. 

Hochberg,  Gleitman  and  McBride  (Ref.  168)  believing  that 
the  previous  conflicting  reports  were  due  to  a  lack  of  consider¬ 
ation  of  and  control  for  the  effects  (background  figure  inter¬ 
action)  of  area  of  the  figure  and  specific  framework  effects, 
attacked  the  problem  from  a  different  direction  in  an  attempt  to 
gain  better  control  over  these  variables.  Instead  of  triangles, 
they  used  an  equal  area  circle,  square,  and  St.  Andrews  cross 
projected  as  bright  forms  (with  increasing  intensities)  upon  a 
dark  screen.  The  circle  required  the  lowest  light  level  for 
recognition  while  the  St.  Andrews  cross  required  the  greatest 
illumination  for  visibility.  In  this  case,  visibility  was 
inversely  related  to  angular  subtense  in  direct  opposition  to 
other  equal  area  studies.  They  concluded  that  a  "good"  figure 
is  compact,  simple,  symmetrical,  and  familiar,  as  expected  in 
the  Gestalt  approach.  They  made  no  effort  to  explain  their 
findings,  which  were  contrciry  to  prior  findings,  using  white 
forms  on  a  black  background.  Neither  did  they  mention  the 
possibility  of  a  decrease  in  "perceived  brightness"  over  large 
angular  extents . 

Hanes  (Ref.  156)  concluded  that  triangles,  perhaps,  have 
been  most  persistent  in  giving  lower  thresholds,  but  whether  this 
fact  still  held  above  threshold  was  still  open  to  question.  He 
reasoned  that  if  "compactness"  was  a  factor  in  determining  a 
threshold,  it  may  also  help  in  determining  apparent  brightness. 

In  his  experiment  to  test  this  latter  point,  he  used  circles  ,- 
triangles,  and  sc[uatres  each  with  three  different  areas:  0.003, 
0.0123,  and  0.17854  square  inch.  These  figures  when  viewed  at 
a  distance  of  24  inches,  subtend  visual  angles  of  9,  19,  and 
144  minutes  of  arc  respectively.  His  five  subjects  varied  the 
brightness  of  the  variable  shape  to  equal  the  brightness  of  the 
standard  shape.  The  brightness  levels  were  0.1,  10,  and  100  ml. 
Hanes  found  that  with  the  triangle  (with  an  area  of  0.0031 
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Table  4.  Summaxy  of  Results  of  Study 
by  Helson  and  Fehrer,  1932 


Reports  from  all  Os  on  Form* 
(First  50  Observations) 


Figures  Exposed 


Figure 
Seen  as 

Tri . 

Rect. 

Sq. 

Circ. 

Semi-c. 

Angle 

Total 

Av. 

Tri. 

180 

0 

0 

0 

52 

57 

208 

74.5 

0. 

Rect. 

0 

0 

0 

215 

53.7 

0. 

Square 

0 

0 

180 

30 

1 

4 

215 

53.7 

5.80 

Circle 

0 

0 

20 

170 

1 

7 

198 

49.5 

5.59 

Semi-c. 

4 

2 

0 

0 

124 

12 

142 

35.5 

7.0 

Angle 

6 

0 

0 

0 

6 

120 

132 

33.0 

8.51 

*Muiibers  indicate  number  of  times  stimulus  was  identified  as 
each  of  the  reportable  forms. 


square  inch  and  brightness  of  0.1  'ml)  as  'tdie  standard,  the  mean 
value  of  the  equal  sized  square  which  appeared  equally  bright  was 
0.125  ml,  but  for  the  triangle  the  mean  value  was  only  0.095  ml. 
(See  Table  5) .  The  triangle  therefore,  appeared  brighter  than 
the  square.  The  column  means  in  Table  5,  however,  indicate  that 
while  this  relationship  holds  true  in  a  majority  of  the  cases, 
the  shape  trhich  appears  brightest  is  somewhat  dependent  upon 
size  and  brightness  level  used.  When  the  two  smaller  sizes  are 
used,  the  trictngle  has  a  consistently  higher  apparent  brightness 
than  do  the  other  two  forms,  but  for  the  larger  sizes,  the  circle 
appears  brightest.  Hanes  could  find  no  single  explonation 
adequate  to  account  for  these  results. 

These  early  studies  have  little  to  offer  in  the  way  of 
unanimous  conclusions.  They  do,  however,  offer  a  possible  rank 
order  of  the  symbols  excuained  with  the  top  spot  apparently 
going  to  the  triangle  (see  Table  6)  ,  followed  by  the  square, 
circle  and  rectangle  respectively.  Additionally,  these  findings 
indicated  that  apparent  changes  in  visibility  of  the  few  symbols 
examined  were  a  function  of  the  presentation  method,  the  inter¬ 
action  effect  with  similar  figures  and  the  luminance  levels 
used. 
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Table  5.  Summary  of  Results  Comparing  "Compactness'*  and  Apparent  Brightness. 
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Triangle  114  91  94  124  88  101  94  81  115  100 

Circle  87  95  66  115  102  63  105  101  94  92 


Table  6.  Ranking  of  Forma  for  Studiea  Reviewed 
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Symbol  Alphabets 


The  next  group  of  studies  reviewed  used  larger  alphabets  of 
symbols,  but  likewise  failed  to  uncover  those  characteristics 
which  go  to  make  up  the  "best"  figure. 

When  %K}rking  with  larger  alphabets,  it  is  necessary  to 
select  representative  geometric  forms  from  a  large  number  of 
fomn  families  (star  family,  triangle  family,  etc.)  in  order  to 
ensure  a  balanced  design.  Unbalanced  designs  (symbols  selected 
from  a  small  number  of  form  families)  of  this  nature  will  tend 
to  be  biased  in  favor  of  the  forms  selected.  , 

Casperson  (Ref.  60)  conducted  a  study  to  determine  the 
discriminadjility  threshold  of  six  different  geometric  forms  and 
to  relate  their  relative  discriminability  to  three  quantifiable 
aspects  of  their  construction:  (a)  area  of  the  figure,  (b) 
maximum  dimension,  and  (c)  perimeter.  To  produce  variations  in 
the  six  basic  forms,  he  constructed  five  different  variations 
of  each  basic  form  (Figure  22).  These  figures,  when  equal  in 
area,  differed  in  maximum  dimension  and  perimeter.  Additionally, 
each  set  of  figures  was  reproduced  with  seven  different  areas  in 
order  to  measure  discrim4.nability  thresholds.  Six  cooplete  sets 
of  stimuli  were  made  for.  each  of  the  seven  areas.  The  figures 
were  solid  black  photographic  prints  on  semi -gloss  paper,  and 
the  illumination  on  the  cards  was  11.2  foot-candles.  The  20 
male  subjects  viewed  the  stimulus  cards  frcm  a  distance  of  20 
feet  with  their  chins  in  rests.  They  were  instructed  to  report 
only  the  basic  form  name  presented.  Each  subject  had  seven 
experimental  sessions;  in  each  session  he  judged  a  complete  set 
of  30  figures  (all  with  the  same  visual  area)  24  times. 

The  results  indicated  a  difference  in  discrimination  in  the 
six  forms  tested.  The  results \tend  to  confirm  earlier  reports 
that  circular  and  elloptical  shiapes  are  difficult  to  identify 
(Belson  and  Fehrer,  Ref.  162).  'Area  was  found  to  be  the  best 
measure  of  discrimincibility  for  ellipses  and  triangles.  Maximum 
dimensions  predicted  discriminability  best  for  rectangles  and 
diamonds,  while  perimeter  was  the  best  predictor  for  stars  and 
crosses.  As  a  group,  the  best  predictor  for  all  the  forms  was 
maximum  dimension.  In  ranking  the  discriminability  of  the  six 
basic  forms,  it  was  found  that  the  triangles,  rectangles,  and 
crosses  consistently  maintained  their  position  in  the  first 
three  places,  while  the  stars,  diamonds  and  ellipses  occupied 
the  lower  three  places,  regardless  of  the  variable  used  to 
measure  performance.  A  comparison  of  the  variance  contributed 
by  the  subjects  with  the  veiriance  due  to  form  differences 
substantiates  the  hypothesis  that  forms  do  differ  in  their 
discriminability  and  that  the  differences  eunong  the  individuals 
making  the  discrimination  are  small  when  compared  with  these 
form  differences. 
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Figure  22.  Forms  and  Variations  Osed  by  Casperson.  (Ref .  60) 
The  Seven  Areas  Used  Were:  .032,  .072,  ul28,  .200, 
.288,  .512,  and  .800  cm^. 


Sleight  (Ref.  310)  attempted  to  obtain  information  on  the 
relative  discriminability  of  a  number  of  gecmietric  forms  when 
the  subject  had  to  deal  with  a  complex  panorama  before  him.  Six 
each  of  21  different  forms  (Figure  23)  were  mounted  on  1-1/4 
inch  clear  lucite  squau’es.  The  figures  were  the  maximum  size 
that  could  be  inscribed  in  a  1-inch  circle.  A  25  inch  circle 
painted  flat  white  was  used  as  the  display  background  for  the 
target  symbol.  Sixteen  male  and  five  female  subjects  .sorted  all 
six  of  designated  target  form  into  a  compartment  cis  quickly  and 
as  accurately  as  possible  from  a  total  of  126  forms. 

The  forms  sorted  most  quickly  were  respectively:  swastika, 
circle,  crescent,  airplane,  cross  and  star  (Table  7)  .  When  the 
subjects  ranked  the  figures  in  order  of  "attention-getting 
value*,  the  swastika  ranked  first  followed  by  the  cross,  the 
star,  airplane,  crescent,  diamond,  circle,  heart,  and  triangle 
in  that  order.  There  was  a  high  positive  correlation  between 
the  ranking  of  the  figures  according  to  sort  time  and  the 
subject's  ranking  of  items  according  to  "attention-getting 
value" . 


Since  the  symbols  used  by  Sleight  were  reasonably  large, 
there  was  little  possibility  for  blur  to  occur.  In  this  type 
of  study,  there  would  appear  to  be  an  advantage  given  to  the 
circle,  even  in  the  presence  of  several  polygon  forms,  because 
of  its  size  and  area.  Sleight  also  used  an  unequal  Scunpling  of 
form  families  with  five  polygon  used  as  ccnnpared  with  only  one 
triangle,  square,  and  star.  The  numerous  polygons  and  the 
circle  accounted  for  a  large  percentage  of  the  sorting  error  and 
must  have  contributed  to  the  slow  sorting  time  for  the  circle. 
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CinJr 


Figure  23.  Forms  Used  by  Sleight. (Ref .  310) 


In  a  series  of  experiments,  Bitterman  et  al.  (Ref.  31) 
attempted  to  explore  the  implications  of  a  diffusion  model  for 
visual  form  perception  tdiich  was  derived  frcmi  the  Kohler-* 

Wallach  theory  of  figural  after  effects  (which  states  that 
corners  tend  to  round-off,  gaps  close  and  fine  detail  to  blur 
into  larger  detail) .  In  his  first  experiment,  foveal  form 
threshold  were  measured  in  terms  of  the  intensity  of  illumination 
required  to  identify  luminous  figxires  briefly  exposed  in  a  dark 
room  (Figure  24)  .  Significant  variance  due  to  form  was  found  in 
the  thresholds  for  these  simple  figures  of  equal  area.  Inspection 
of  the  graph  in  Figure  25  reveals  a  rather  marked  linear  relation¬ 
ship  between  the  two  '^^iables  (lomii:.ance  requirecl  for  detection 
nrd  parameter  to  area) . 

In  the  Bitterman  study  results,  the  square  was  frequently 
called  a  circle  at  pre-threshold  levels,  and  the  triangle  was 
also  mistaken  for  a  circle  (but  not  as  often  as  the  square) .  The 
cross  was  frequently  called  a  diamond,  the  X  a  square,  the  ^  a 
triangle  with  the  apex  down,  the  L  a  semicircle  or  a  half-moon, 
and  the  H  on  occasipn  was  called  a  butterfly.  The  circle  was 
rarely  called  anything  but  a  circle.  In  general,  as  the  diffusion 
model  suggests,  corners  tend  to  round  and  gaps  tend  to  close. 
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Table  7.  (a)  ;''ean  Sorting  Time  and  (b)  Relative 

Discriminability  or  the  Six  Forms. 

(from  Sleight,  Ref.  310) 


Table  (a) 

Mean  Times  for  Sorting  Six  of  Each  Form  and  Groupings 
by  Significance  of  the  Difference  Between  Mean  Times 


Group 

Form 

Mean 
Time* 
(.01  min.) 

SD 

Skew- 

ness*** 

Swastika 

11.4 

1.74 

-.689 

Circle 

15.2 

4.75 

.568 

Crescent 

18.5 

10.63 

.761 

Airplane 

27.9 

.  13.24 

.111 

Cross 

29.1 

16.74 

.663 

Star 

30.4 

12.75 

.972 

Ellipse 

40.0 

26.80 

1.220 

Rectangle 

45.3 

27.90 

.806 

B 

Diamond 

.  47.2 

22.29 

1.238 

Tricingie 

53.7 

28.22 

.765 

Square 

58.0 

34.00 

.679 

Heart 

66.0 

52.72 

.699 

Ship 

70.2 

34.35 

1.150 

SCTiicircle  , 

71.5 

42.77 

.793 

C 

Pentagon 

73.4 

36.34 

.495 

Trapezoid 

77.3 

46.65 

1.086 

Shield 

83.5 

54.62 

1.488 

Octagon 

94.7 

54.88 

1.088 

r\ 

Double-concave 

99.3 

71.06 

.895 

U 

Heptagon  " 

103.2 

53.38 

.972 

Hexagon 

107.7 

53.79 

.731 

*  Each  mean 

presented  here  is 

based  on  the 

last  two 

trials  for 

all  Ss  combined  (N  =  42) . 

♦♦  Groups  denote  forms,  each  of  which  is  significantly  different 
from  all  other  forms  (at  the  U  level)  except  those  within  the 
same  bracket.  For  example,  the  swastika  is  significantly 
better  than  the  ellipse,  the  ellipse  is  significantly  better 
than  the  heart,  and  so  on. 

♦♦♦  Skewness  is  calculated  using  the  formula  three  times  the  mean 
minus  the  median  divided  by  the  standard  deviation.  In  a 
perfectly  symmetrical  distribution  the  obtained  value  would 
be  zero . 
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Table  7.  (a)  Mean  Sorting  Tine  and  (b)  Relative 

Discriminability  of  the  Six  Forms. 

(from  Sleight,  Ref.  310) 


Table  (b) 


Relative  Discriminability  of  Ge<»tetric  Forms  as 
Determined  by  (a)  Mean  Selection  Order,  and 
(b)  Meem  Sorting  Time* 


Form 

Rank  by 
Selection 
Order 

Rank  by 

Sorting 

Time 

Swastika 

1 

1 

Cross 

2 

5 

Star 

3 

6 

Airplane 

4 

4 

Crescent 

5 

3 

Diamond 

6 

9 

Circle 

7 

2 

Heart 

8 

12 

Tricingle 

9 

10 

Doub le-concave 

10 

19 

Semicircle 

11 

14 

Shield 

12 

17 

Rectangle 

13 

8 

Ellipse 

14 

7 

Ship 

15 

13 

Square 

16 

11 

Trapezoid  ■ 

17 

16 

Pentagon 

18 

15 

Hexagon 

19 

21 

Octagon 

20 

18 

Heptagon 

21 

20 

♦  Rank  order  correlation  =  .79 
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Threshold  Luminance  (mL) 


Form 


O  S  A  Bi  4h  TH 

Area 

Perimeter 

Form 

(Square  inches) 

(Inches) 

Perimeter /Area 

Circle 

.25 

1.77 

7.08 

Square;  diamond 

.25 

2.00 

8.00 

Squcire;  diamond 

1.00 

4.00 

4.00 

Triangle 

.25 

2.27 

9.08 

L 

Cross;  X 

.25 

.25 

2.31 

2.69 

9.25 

10.75 

Cross;  X  — 

1.00 

5.36 

5.36 

T 

.25 

2.69 

10.75 

H 

.25 

3.02 

12.10 

a/  Identical  forms  differing  in  orientation  by  45°. 

Figure  24..  Description  of  Figures  Used  in  First  Study 
by  Bitterman  et  al.  {Ref.  31) 


1.7 


1.6 


1.5 


1.4 


1.3 
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H - 1 - 1 - 1 - 1 - 1 - , - 1 - 

4  5  6  7  8  9  10  11  12 

Parameter  to  Area  (P/A) 


Figure  25.  Required  Luminance  Threshold  as  a  Function  of 
Parameter/Area.  Note  that  the  Two  Lowest  P/A  Values  Represent 
the  1.00  inch2  fibres  and  the  Remaining  Figures  are  for  the 
Smaller  0.25  inch^  figures.  (After  Bitterman  et  al..  Ref.  31) 
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In  the  next  series  of  parcwetric  experinents  (Bitteman, 

Ref.  31),  form  thresholds  were  found  to  vary  inversely  with 
exposure- time,  with  area,  and  with  magnitude  of  critical  detail. 
Qualitative  as  well  as  quantitative  reciprocity  of  time  and 
intensity  was  discovered;  distortion  of  form  (blurring  of  fine 
detail)  appeared  with  short  exposure  times  which  were  comparable 
to  those  obtained  with  low  illumination  levels. 

The  fifth  experiment  in  the  series  was  designed  to  examine 
the  role  of  critical  detail  in  form  perception.  In  the  figures 
used  (Figure  26) ,  length  and/or  area  increased  progressively 
while  perimeter/area  (P/A)  decreased  slightly. 

Examination  of  the  results  presented  in  Figure  27  suggests 
that  the  principle  source  of  variation  for  the  crosses,  X*s,  and 
L's  was  magnitude  of  the  critical  detail  measured  in  terras  of 
the  lengths  of  the  arms  constituting  the  interior  angles. 
Thresholds  for  crosses  and  X’s  decreased  in  a  similar  manner 
with  increasing  length  of  details  despite  the  fact  that  for  the 
crosses,  P/A  incresses  markedly  and  area  remains  the  same  while, 
for  the  X's,  P/A  decreases  markedly  and  area  increases  signifi¬ 
cantly.  From  these  results,  Bitterman  concludes  that  the 
perception  of  form,  at  low  levels  of  illumination,  is  limited 
primarily  by  loccLL  diffusion  (diffusion  of  the  detail)  which 
obscures  critical  detail,  rather  than  by  the  relative  amount  of 
diffusion  from  the  figure  as  a  whole  (expressed  in  terms  of  P/A) . 

From  the  data  collected  in  his  experiments,  Bitterman  made 
the  following  general  conclusions: 

1.  Brightness  thresholds  vary  inversely  with  exposure 
time  and  with  area,  but  appear  unaffected  with  rather  extensive 
changes  in  configuration. 


ttT  b 


LiL 


Figure  26.  Forms  Used  in  Experiment  V. 
(Adapted  from  Bitterman  et  al.  Ref.  31) 
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Figxire  27.  Brightness  and  Fom  Threshold  as  a  Function 
of  the  Length  of  Critical  Detail.  (After  Bitteman,  Ref.  31) 


2.  Form  thresholds  vary  inversely  with  exposure  time 
(increase  exposure  time  decreases  threshold) ,  with  area  (increased 
area  decreases  threshold) ,  and  v^th  magnitude  of  critical  detail 
(increased  size  of  detail  decreases  symbol  threshold) . 

Bowen  et  al.  (Ref.  38) /surveyed  the  literature  cuid  were 
unable  to  find  any  definitive  rules  for  establishing  easily 
recognizcible  symbols.  Rather,  they  found  distinctive 
ccmbinations  of  features  for  each  shape:  no  one  of  which  was 
absolutely  necessary.  They,  therefore,  atteoqjted  to  establish 
the  rank  discrimi nability  of  a  set  of  20  geometric  symbols  under 
various  conditions  of  degradation  of  noise,  distortion,  and  blur 
and  to  select  subsets  of  these  symbols  that  would  yield  minimum 
confusion.  The  shapes  were  selected  so  that  each  would  appear 
distinctively  different,  si]i^>le,  have  few  elements,  but  in  some 
sense  be  symmetrical  (Figure  28)  .  Slides  were  made  for  each 
symbol  under  each  of  the  12  viewing  conditions  and  were  back- 
projected  onto  the  center  of  a  five  by  five  inch  opal  glass 
screen  producing  symbols  of  0.5  inch  height  and  stroke-width-to- 
height  ratio  of  1:10.  Viewing  distance  was  50  inches  and  the 
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Figiire  28.  The  20  Symbols  Selected'  by  Bowen  et  al.  (Ref.  38) 


brightness  of  the  display  was  4  to  5  foot-Laaberts  (dependent  on 
the  noise  condition  of  the  slide) .  Seven  subjects  were  each 
shown  the  480  presentations  individually  for  0.5  scKronds. 

The  results  indicated  no  significant  difference  in  the 
performance  among  the  Subjects.  CTable  8,  however,  indicater  a 
significantly  different  score  in  the  accuracy  of  recognition  for 
each  symbol) .  Increasing  the  amount  of  noise  and  the  amount  of 
distortion  significantly  lowered  performance,  but  increasing  the 
amount  of  blu7'  (within  the  range  used  in  this  study)  did  not. 
Bowen  hypothesized  that  blur  causes  a  lack  of  definition  to  the 
small  elements  and  therefore  renders  the  background  more  uniform 


Table 

8 .  Percentage 
(From  Bowen 

of 

et 

Correct  Recognition* 
al..  Ref.  38) 

Symbol  No. 

Percentage 

Correct 

Symbol  No. 

Percentage 

Correct 

1 

.916 

11 

.785 

2 

.898 

12 

.756 

3 

.869 

13 

.779 

4 

*  .869 

14 

.506 

5 

.839 

15 

.762 

6 

.881 

16 

.553 

7 

.875 

17 

.458 

8 

.833 

18 

.720 

9 

.839 

19 

.559 

10 

.863 

20 

.690 

while  affecting  the  solid  dominant  parts  of  the  figure  to  only  a 
small  extent.  Hence,  the  overall  loss  of  resolution  is  counter¬ 
balanced  by  an  increase  in  the  effective  figure-ground  contrast. 

The  interaction  term  (which  is  defined  as  the  degree  of 
variation  in  a  score  which  is  attributable  to  the  combination 
effects  of  two  or  more  of  the  conditions  and  which  is  distinct 
from  the  effects  due  to  the  conditions  considered  individually) 
"Noise  by  Distortion  by  Blur"  was  significant  and  is  graphed  in 
Figure  29.  As  these  three  conditions  combine  into  progressively 
more  cind  more  adverse  display  conditions,  performance  deteriorates 
at  an  increasing  rate.  While  blur  alone  did  not  affect  the 
scores  significantly,  it  does  enter  into  this  interaction  term. 
Hence,  Bowen  concluded  that  seme  blur  is  tolerable,  provided 
that  the  other  display  conditions  are  fairly  good.  However,  when 
the  other  conditions  are  poor,  the  presence  of  blur  will  recruit 
to  the  other  factors  to  degrade  symbol  recognition. 

The  results  of  the  experiment  were  entered  into  a  master 
confusion  matrix  which  describes  the  probability  of  any  of  the 
20  symbols  being  responded  to  when  one  symbol  was  displayed. 

From  this  matrix,  optimum  subsets  of  symbols  were  found  and  are 
presented  in  Table  9. 


73 


Table  9.  Optioun  Sets  of  Syoibols. 
(Adapted  from  Bowen  et  al..  Ref.  38) 


Articulation  scores 


Number  of 
Symbols 
in  Set 

Recommended  Symbols* 

for  conditions 

Best  Average  Worst 

2** 

1  6  2;  or  1  6  3;  or  2  6  3; 
or  7  6  14;  or  5.  6  7;  or 

5  6  14. 

1.0 

1.0 

1.0 

3 

1,  2  6  3;  or  5,  7,  6  14. 

1.0 

1.0 

1.0 

4 

1,  2,  3,  6  4;  or  5,  6,  7 

6  14. 

1.0 

.99 

.99 

5 

1,  2,  3,  n,  6  5;  or  4,  5, 

6,  7  6  14. 

1.0 

.98 

.91 

6 

1,  2,  3,  4,  5.  6  6. 

1.0 

.98 

.91 

7 

1,  2,  3,  4,  5,  6,  6  7. 

1.0 

.98 

.83 

8 

1,  2,  3,  4,  5,  6,  7,  6  8. 

1.0 

.97 

.79 

9 

1,  2,  3,  4,  5,  6,  7,  8  6  9. 

1.0 

.95 

.69 

t 

o 

1,  2,  3,  4,  5,  6,  7,  8,  9, 

6  10. 

1.0 

.94 

.67 

•  For 

additional  symbols  use:  11  but 

not  with 

3 

12  but 

not  with 

5  or  7; 

and 

13  but  not  with  8. 


**  Symbol  numbers  refer  to  symbols  shown  in  Figure  28 


• 

<M  m 

o  a 
o 

>1  Q, 

*i  m 

m 

•-*  ae 

XI  -u 
Id  o 
XI  9 
O  M 
W  M 
0<  O 
U 


NOISE  LEVEL 

Figure  29.  The  Interaction  Effect  of  Hoise,  Distortion, 
and  Blur  Upon  the  Probability  of  Correct  Eesponsei 
(After  Bowen  et  al..  Ref.  38) 


Vfhile  the  above  coadiinations  are  optimal,  any  combination 
of  the  first  ten  figures  should  yield  good  results,  however,  a 
square  and  a  rectangle  should  not  be  used  together.  In  general, 
symbols  15  thru  20  should  not  be  used,  if  possible.  The  number 
of  symbols  should  be  kept  ninimal,  and  under  adverse  conditions, 
no  more  than  six  symbols  shpuld  be  used. 

A  second  experiment  was  designed  to  provide  information 
about  optimum  size  and  stroke-width- to-height  ratio  for  symbols 
to  be  used  for  tasks  similar  to  those  found  in  operational  radar 
centers.  The  stimuli  were:  (a)  a  circle,  (b)  a  variation  of  a 
cross,  (c)  a  square,  and  (d)  a  triangle.  Each  symbol  used  bad 
three  sizes  (0.25,  0.375,  and  0.50  inch)  and  three  stroke-width- 
to-height  ratios  (1:6,  1:8  and  1:10).  The  subject's  task  was  to 
count  the  number  of  occurrences  of  a  specific  symbol  as  quickly 
and  as  accurately  as  possible  when  they  were  displayed. 

The  results  indicated  that  the  cross  was  counted  most 
rapidly  in  all  three  size  categories.  The  triangle  turned  in 
the  poorest  performance  with  regard  to  counting  speed.  The 
0.5- inch  symbols  were  counted  the  fastest  with  stroke-width-to- 
height  making  no  difference  for  this  size.  For  smaller  size 
symbols,  however,  the  thinner  stroke-width-to-heights  were 
superior . 
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Based  on  the  above  data,  Bowen  et  al.  made  the  following 
general  recooBendations : 

1.  Symbols  should  subtend  a  mini  mum  of  20*  of  arc,  but 
if  the  viewing  distance  is  longer  than  the  normal  28  inches  it 
should  form  a  visual  angle  of  cibout  22*  of  arc. 

2.  The  stroke-width-to-height  ratio  should  be  1:8  or  1:10 
for  symbols  of  0.4-inch  or  larger  viewed  up  to  a  distance  of 
seven  feet. 

3.  The  best  presentation  rate  was  found  to  be  about  one 
symbol  per  0.7  second. 

The  results  of  Bowen's  study  and  his  recommendations  have 
appeared  in  many  handbooks,  guides  and  later  studies  on  coding. 
Valid  or  not,  his  efforts  appear  to  be  the  first  attempt  to 
establish  guidelines  for  symbol  construction.  Unfortunately, 
there  appears  to  be  no  follow-up  work  atteoq>ting  to  validate  his 
recommendations . 

Since  the  symbols  used  in  this  study  were  presented  in 
various  orientations,  the  question  of  the  context  in  which  the 
symbol  is  presented  becomes  apparent.  Additionally,  the 
orientation  of  the  symbol  relative  to  the^ observer^  i&  perhaps  a 
factor  in  the  discr im i nabi lity  of  certain  figures  (Form  Number 
11  proved  less  efficient  in  e]q>eriment  number  one  trhere  it  was 
presented  in  isolation  th2ui  it  did  in  experiment  Number  II  where 
it  was  presented  in  connection  with  other  symbols) . 

Williams  and  Falzon  (Ref.  357)  investigated  some  of  the 
variables  thought  to  effect  symbol  discrimination  and  search 
time  on  complex  Air  Force  information  systems.  One  hundred 
symbols  were  derived  and  presented  in  five  staggered  ten  by  ten 
matrices  and  five  ordered  ten  by  ten  matrices.  Each  symbol  was 
projected  for  0.5  second  and  viewed  by  six  subjects  viewing  them 
from  45S  left,  0^,  and  45*^  right  of  center  (20  feet  from  the 
screen) .  The  symtx>l  brightness  was  20  Ft.  Lamberts,  and  the 
background  brightness  was  2  Ft.  Lamberts.  The  symbols  subtended 
a  visual  angle  of  20  minutes  of  arc  (see  Figure  30)  . 

The  results  indicated  that  the  type  of  matrix  was  not 
significant  for  search  time  or  for  accuracy.  Viewing  angle  was 
significant  for  accuracy,  but  not  for  search  time.  At  the 
center  viewing  position,  area  type  forms  (Table  10)  were 
recognized  most  accurately,  but  at  the  right  cuid  left  positions, 
perimeter  type  forms  were  recognized  overall  with  most  accuracy, 
followed  by  the  pictorial  type  forms  and  then  by  the  ccmbined 
geometric  forms . 
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a.  Sample  of  the  Random  Matrix 
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b.  Sample  of  the  Ordered  Matrix 


Figure  30.  Symbols  Used  by  Williams  and  Falzon. (Ref .  357) 
Figure  30-a  is  Representative  of  the  Random  Matrix, 
Figure  30-b  of  the  Ordered  Matrix. 
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Table  10.  Assignment  of  Figures  to  Experimental  Categories. 
(After  Williams  and  Palzon,  Ref.  357) 

Assignment  of  Symbols  to  Experimental  Categories 


Simple  X 
Perim. 

Simple  X 
Area 

Comb.  X 
Perim. 

CcHab.  X 
Area 

Piet.  X 
Perim. 

Piet.  X 
Area 

A-10 

A-5 

A-8 

A-3 

A-6 

A-1 

B-10 

A-7 

B-5 

A-9 

B-3 

A-4 

D-1 

B-2 

B-8 

C-4 

B-4 

B-1 

D-4 

B-7 

D-6 

C-7 

B-9 

B-6 

E-10 

C-2 

D-10 

•  D-3 

D-7 

C-1 

F-9 

C-3 

E-3 

E-2 

D-9 

C-6 

H-4 

C-8 

E-5 

E-9 

F-2 

D-5 

H-5 

D-2 

F-4 

G-5 

/ 

F-5 

D-8 

H-8 

E-1 

F-8 

G-7 

t 

G-3 

E-6 

H-10 

E-4 

G-1 

H-1 

G-4 

E-7 

1-4 

E-8 

G-2 

H-3 

G-6 

F-7 

1-7 

F-6 

G-8 

I-l 

G-9 

H-2 

J-4 

F-10 

1-8 

1-2  ^ 

H-6 

1-3 

J-5 

H-9 

1-9 

I-IO 

J-3 

J-1 

J-9 

1-6 

J-10 

J-2 

J-6 

J-7 

Williams  and  Falzon  make  tbe  following  recomendations  for 
the  selection  of  symbols  to  be  used  in  displays  with  a  large 
number  of  symbols  present: 

1.  Single  geometric  symbols  are  reconnended  if  high 
accuracy  and  low  search  time  are  required  and  the  center  viewing 
can  be  used. 

2,.  If  the  right  and  left  viewing  angle  must  be  used  (but 
angles  ix>t  greater  than  45^  from  the  center) .  then  simple 
geometric  and/or  pictorial-perimeter  type  forms  are  reconmended 
(the  latter  being  the  best) . 

3.  Combined  geometric  forms,  as  used  in  this  experiment, 
were  not  recommended. 


Results  found  in  the  above  experiment  indicated  that  solid 
geosietxic-type  symbols  were  not  recognized  with  sufficient 
accuracy  for  use  in  coogilex  Air  Force  displays.  In  order  to 
obtain  a  list  of  coanbinaible  symbols  for  use  in  system  displays, 
Williams  and  Falzon  (Kef.  358)  conducted  a  similar  experiment 
with  the  twenty-five  symbols  shown  in  Figure  31. 

Six  individuals  familiar  with  the  system  viewed  the  25 
symbols  under  conditions  stated  for  the  study.  During  each 
trial,  the  symbol  was  projected  on  the  screen  from  0.5  second 
subtending  a  visual  angle  of  10  minutes  of  arc. 

Combinatic  as  using  outlined  diamonds  proved  rather  poor  and 
were  often  confused  with  other  symbols  in  the  matrix  (Table  11) . 
Outlined  squares  and  circles,  on  the  other  hand,  seemed  to 
yield  satisfactory  ccmibinations .  Outlined  triangles  were  superior 
to  outlined  diamonds ,  but  were  still  rather  poor  when  compared 
with  the  square  and  circle  canbinations  for  accuracy.  Search 
time  rankings  indicated  that  square  and  circle  combinations 
could located  quicker  than  triangle  or  diamond  combinations . 
Straight  ahead  again  proved  best  for  search  time,  followed  by 
right  and  left  positions  of  the  display. 


Figivre  31.  Figures  Used  by  Williams  and  Falzon.  (Ref.  358) 


Table  11.  Search  Time  ReuiJc  Order  of  Symbols* 
(After  Williams  and  Falzon,  Ref.  358) 


Search 
Time 
(Sec. ) 

Frequency 

Per 

Measure 

Cumulative 
Frequency  - 
All  Measures 

Symbols 

From 

Figure 

3.98 

1 

1 

12 

4.00 

1 

2 

22 

4.17 

1 

s 

13 

4.23 

1 

4 

20 

4.40 

1 

5 

8 

4.83 

2 

7 

6,  24 

4.90 

1 

8 

11 

5.33 

1 

9 

3 

5.50 

1 

10 

9 

5.70 

1 

11 

2 

5.90 

1 

12 

10 

6.17 

1 

13 

7 

6.23 

1 

14 

23 

6.33 

1 

15 

15 

6.46 

1 

16 

14 

6.60  ' 

2 

18 

1,  5 

6.87 

1 

19 

18 

7.13 

1 

20 

4 

7.33 

1 

21 

25 

7.36 

1  . 

22 

19 

7.73 

1 

23 

17  . 

8.33 

1 

24 

21 

8.43 

1 

25 

16 

The  circle-X  (Symbol  #17,  Figure  31)  was  often  confused 
with  the  square-X  (Symbol  #2) .  If  the  circle-X  was  not  viewed 
at  tlie  center  position,  the  extended  diagonals  seemed  to  cause 
the  figure  to  appear  as  a  square-X. 


Summary 


With  the  exception  of  the  study  by  Bowen,  et  al.,  none  of 
the  above  studies  presented  the  symbols  being  discriminated  in 
a  realistic  operational  situation-  Hence,  the  validity  of 
generalizing  these  findings  to  radar  or  other  electronic  display 
situations  appears  to  be  limited-  Likewise,  the  limited  scope 
of  the  responses  required  of  the  subjects  in'  these  studies  could 
hardly  be  compared  to  the  complex  response  requirements  of  the 
operational  situation-  Later  studies  will  show  a  definite  inter¬ 
action  effect  between  these  two  important  parameters-  Also,  the 
somewhat  arbitrciry  manner  in  which  the  symbols  were  selected  for 
testing,  the  limited  number  of  types  of  symbols  cind  the 
restricted  nature  of  the  testing  done  on  the  symbols  selected 
does  not  appear  to  be  conducive  to  broad'  generalizations  of  the 
recommendations  derived  therefrom-  Be  this  as  it  may,  the 
recommendations  by  the  above  authors  have  been  broadly  generalized 
and  appear  in  many  recently  published  studies. 

Nonetheless,  the  above  studies  are  not  without  merit.  When 
applied  to  situations  comparable  to  the  tested  situations,  the 
general  recommendations  made  appear  to  be  quite  valid. 
Unfortunately,  the  reccxnmendations  forwarded  are  not  unanimous 
in  nature.  The  guides  proposed  by  Bowen  et  al.  are  diametri¬ 
cally  opposed  to  those  proposed  by  Williams  and  Falzon  (i.e., 

Bowen  suggests  that  modifiers  -  slashes  or  wings  added  to  a 
basic  figure  -  should  not  cross,  distort  or  interfere  with  the 
primary  symbol,  while  Williams  and  Falzon  contend  that  modifiers 
contained  within  the  primary  figure  lead  to  fewer  confusion 
errors  than  extended  modifiers) .  Based  on  the  sparse  evidence 
provided  by  the  other  studies  reviewed  and  on  the  general 
recommendations  from  the  area  of  form  perception,  it  would  appear 
that  the  recommendations  made  by  Bowen  et  al.  would  be  more 
valid  for  use  on  electronically  generated  display.  This  is  not 
to  say,  however,  that  these  symbols  (presented  on  Figure  28)  are 
universally  applicable  to  all  display  situations.  Careful 
consideration  of  the  display,  the  environment  in  which  it  is  to 
operate  and  the  tasks  demanded  of  the  observer  must  be  taken 
into  consideration  when  generalizing  this  (or  any)  symbology  to 
a  new  display  situation. 

Radar-Type  Symoology 

In  the  early  days  of  radar,  a  very  limited  number  of 
symbols  could  be  generated  on  radar  scopes.  This  limited  alpha¬ 
bet  quickly  became  a  usable,  if  not  standardized,  target 
vocabulary.  As  technology  advanced,  however,  newer  equipment 
permitted  the  generation  of  complicated  new  symbols  which  soon 
displaced  some  of  the  older  symbols.  Unfortunately,  this  change 
did  not  constitute  an  orderly  growth  frcwn  the  original  alphabet. 
New  meanings  were  assigned  to  older  forms  and  new  forms  replaced 
older  symbology.  Recent  state-of-the-art  advances  enable  the 
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radar  screen  to  present  the  observer  with  much  more  information 
much  more  rapidly.  Computer  generated  synthetic  video  has 
transformed  the  traditional  CRT  into  a  meaningful  picture  of 
action  with  targets  completely  identified  as  clear  symbols  on  an 
uncluttered  background.  Kap  overlays,  terrain  features,  equip¬ 
ment  position,  check  procedures,  and  much  more  can  be  presented 
upon  demand . 

With  this  capability,  there  is  a  temptation  to  build  large 
vocabularies  of  meanings  based  on  information  which  the  computer 
can  provide.  Consequently,  the  appearance  of  newer,  more 
sophisticated  equipment  will  generally  mean  the  introduction  of 
a  newer  set  of  symbology  to  go  with  the  equipment.  Yet,  as  far 
back  as  1949  (Ref.  127),  Gebhcurd  warned  that  these  complicated 
codes  are  of  little  value  unless  they  can  be  interpreted  by  the 
operator  under  field  conditions.  Several  studies  have  been  made 
in  an  att^pt  to  ascertain  the  "best"  set  of  symbology 
(Honigfeld,  Ref.  171;  Davis,  Ref.  101),  but  again  they  have 
failed  to  come  to  any  uncuiimous  conclusions  or  specific  reconmen- 
dations.  Bergura  and  Burrell  (Ref.  28)  recommended  a  standard¬ 
ization  of  radar  symbology  before  the  problem  intensified. 
Honigfeld  (Ref.  171)  reviewed  the  literature  in  an  attempt  to 
formulate  guidelines  for  standardization  of  radar  symbology,  but 
was  unable  to  specify  a  standaurd  alphabet.  With  this  obvious 
need  for  standardization  and  liraitizing,  it  is  difficult  to 
understand  why  new  codes  continue  to  appear. 

The  literature  indicates  that  each  new  code  designer  leans 
heavily  on  earlier  studies  which  appear  to  support  his  own 
particular  theory.  Many  of  these  studies  have  been  repeatedly 
sumnated  without  reference  to  the  original  conditions  of  the' 
studies,  and  consequently  many  of  the  original  weaknesses  in 
coding  have  been  perpetuated.  It  is  obvious  that  these  often 
quoted  studies  have  influenced  current  thinking  concerned  with 
radar  symbology,  but  with  the  multitude  of  new  variables 
associated  vith  newer  equipment  it  is  difficult  to  see  how  much 
of  the  earlier  work  can  be  directly  applicable.  A  careful 
evaluation  of  the  situation  is  certainly  warranted. 

As  stated  above,  little  of  the  preceding  data  can  be 
applied  directly  to  radar  symbology.  However,  some  of  the 
general  recommendations  found  in  the  above  literature  could 
possibly  be  of  value.  These  include: 

1.  The  suggestion  of  an  interaction  effect  when  highly 
similar  symbols  are  utilized  in  a  limited  coding  system.  Symbols 
from  the  same  or  similar  gecraetric  family  (i.e.  triangles)  tend 
to  appear  more  similar  as  viewing  conditions  are  degraded. 

2.  Consideration  should  be  given  to  the  apparent  changes 
in  visibility  of  an  individual  symbol  with  different  types  of 
presentation  methods.  The  same  symbol  will  not  necessarily  be 
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equally  discriminable  in  different  display  formats  (i.e.,  in 
presence  of  clutter,  noise,  etc.  as  opposed  to  a  uniform  display 
background) . 

3.  The  characteristics  contributing  to  the  legibility  of 
symbols,  usually  a  function  of  the  form  family  from  which  the 
symbol  was  derived,  should  be  mctximized. 

4 .  The  number  of  symbols  presented  and  the  amount  of 
information  that  must  be  encoded  in  each  symbol  should  be 
weighted  against  the  amount  of  information  the  operator  needs 
and  can  efficiently  handle. 

True  radar  simulation  studies  are  limited  in  number  and  in 
scope.  The  studies  that  have  been  concerned  with  radar 
simulation  have  tended  to  point  out  equipment  problems  rather 
than  dealing  with  problems  associated  with  symbology.  The  fact 
is  that  radar  symbology  has  a  number  of  unique  parcuneters,  many 
of  which  have  not  been  examined  at  all.  In  addition  to  the 
considerations  listed  on  page  53  dealing  with  general  coding 
(which  apply  equally  well  here) ,  the  following  variables  must  be 
considered: 

1.  Types  of  Presentation  -  What  effects  does  the 
compression  or  expansion  of  information  have  on  man's  ability 
to  comprehend  slowly  or  rapidly  changing  situations? 

2.  Kinds  of  Information  -  How  can  computers  be  best  used 
to  decrease  the  ccxnplexity  of  the  information  presented  and 
increase  man's  capacity  for  decision  making? 

3  -  Search  Area  -  How  are  detection  time  and  accuracy 
affected  by  increasing  or  decreasing  search  area? 

4.  Target  Discrimination  -  What  variables  should  be 

controlled  for  in  order  to  increase  discrimination  of  targets? 
Tcirget  discrimination  on  a  CRT  screen  appears  to  be  a  function 
of:  Relative  motion  of  the  target,  brightness  of  the  target 

and  of  the  screen,  type  of  symbol  used,  viewing  distance, 
ambient  and  background  illumination,  size  of  the  symbol,  display 
size,  and  many  more.  ; 

5.  Irrelevant  Information  -  To  what  degree  does  the 
presence  of  irrelevant  information  degrade  operator  performance? 

6.  Information  Processing  -  How  much  of -the- information 
presented  on  a  radar  scope  can  the  operator  process  under 
normal  and  stress  producing  operational  conditions? 

7.  Spatial  Characteristics  -  How  similar  should  the  display 
be  to  the  real-world  situation? 
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8.  Psychological  Stress  -  What  effect  does  the  increased 
speed,  and  complexity  of  the  tasks  associated  with  radar  opera¬ 
tions  have  on  human  performance?  In  addition,  consideration 
should  be  given  to  the  physical  environment  and  possible 
perceived  detrimental  outcomes  (i.e.,  the  perception  of  danger). 

With  the  above  considerations  in  mind,  we  will  proceed  to 
the  literature - 

Attneave  (Ref.  11)  reports  a  series  of  experiments  which 
appear  to  have  some  import^t  i  mplications  as  to  how  (xie 
perceives  spatial  relationships  among  abstract  visual  stimuli. 

He  notes  that  complex  visual  objects  are  not  only  harder  to 
reproduce  frcxa  memory  them  simpler  ones  (Attneave,.  1955)  ,  but 
also  harder  to  learn  by  name  and  to  match.  In  the  study  reviewed, 
he  atten^ted  to  determine  quantitatively  definable  aspects  of 
figiire  "‘complexity",  the  relationship  of  judged  con^lexity  to 
information  content  of  the  figure,  "degrees  of  freedom",  compact¬ 
ness  and  several  other  variables.  Seventy-two  randomly  shaped 
stimuli  (Figure  32)  were  constructed  using  differing  numbers  of 
turns,  degrees  of  curvedness  and  symmetry.  These  shapes  were 
projected  (for  a  period  of  10  seconds)  upon  a  wall  screen  in  the 
front  of  tile  room  in  which  the  observers  were  seated  for  a  period 
of  10  seconds.  One  himdred  and  sixty-eight  airmen  basic  trainees 
served  as  subjects  and  rated  the  figures  as  "Extremely  Simple", 
"Very  Simple",  "Siii5>le",  "Medium",  "Conplex" ,  or  "Very  Complex". 
The  size  of  the  viewed  symbol  and  viewing  distance  was  not 
specified,  but  obviously  varied  with  seated  position. 

The  results  of  this  study  indicated  that  whether  the  shapes 
were  angular,  curved,  or  mixed  made  no  significant  difference  in 
judged  conplexity.  Symmetrical  shapes,  however,  were  judged  more 
complex  than  assymetrical  shapes  with  the  same  number  of  inde¬ 
pendent  turns.  Symmetrical  shapes  were  judged  less  ccmq>lex  than 
assymetrical  shapes  with  the  same  total  number  of  turns.  Conse¬ 
quently,  the  number  of  turns  in  the  shape  was  the  most 
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Figure  32 .  Representative  Figures  Used  in  Study 
by  Attneave, (Ref.  11) 
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important  determinent  of  judged  conplexity.  The  results  also 
indicated  that  the  curved  shapes,  although  they  appear  no  more 
complex  thaui  angular  shapes,  contain  more  information  per  symbol. 
Attneave  concludes  that  this  is  valid  since  curved  shapes 
require  more  dimensions  for  their  specification  than  angular 
shapes . 

The  implications  of  Attneave 's  findings  cure  (a)  symmetrical 
patterns  or  shapes  may  appear  to  possess  more  meaning  (contain 
more  information)  and  be  more  easily  interpreted  than 
assymmetrical  patterns  or  shapes  with  the  same  number  of  turns 
and  (b)  the  difficulty  of  pattern  recognition  increases  as  a 
function  of  the  number  of  turns  in  the  symbol. 

Baker,  Morris,  and  Steedman  (Ref.  13)  created  nonsense 
forms  by  random  filling  of  a  300  x  300  cell  square  matrix  to 
investigate  factors  of  radar  target  recognition  in  air-to-ground 
systans.  The  forms  created  varied  greatly  in  visual  subtense, 
area  and  the  number  of  changes  in  the  direction  of  the  peripheral 
outline  (See  Tigures  33  and  34)  .  The  resolution  was  varied  frcm 
.00  (perfect  resolution),  .01,  .02,  to  .04-inch  blur-disc  diameter 
and  the  cirea  of  the  display  ranged  from  6,  12,  16,  to  24  square 
inches.  Four  different  orientations  of  the  displays  were  also 
used  to  reduce,  the  effects  of  lecirning.  Subjects  were  under  a 
monetary  incentive  plan  to  maintain  motivation.  Subjects  were 
seated  individually  in  front  of  display  (distance  not  specified) . 
Each  subject's  task  was  to  locate  on  a  problem  display  a  specific 
target  shown  to  them  on  a  briefing  display.  The  results 
indicated  that  the  time  and  error  scores  increased  as  a  function 
of:  (a)  an  increase  in  the  number  of  irrelevant  forms  on  the 

display,  and  (b)  an  increase  between  the  resolution  of  the 
reference  photograph  of  the  target  and  the  target  as  it  appeared 
k  on  the  problem  display.  They  found  the  absolute  resolution  of 
the  forms  to  be.  of  little  value  so  long  as  the  resolutions  of 
the  referenced  form  and  the  problem  form  were  the  same.  Improve¬ 
ment  shown  with  practice  appeared  to  be  a  result  of  the  subject's 


Figure  33.  General  A{<£>earance  of  the  Matrix  Forms  at 
the  Four  Different  Blur-Disc  Diameters  Measured  in  Inches. 
(After  Baker,  Mqrris,  and  Steedman,  Ref.  13) 
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Figiire  34.  The  Twenty  Targets  Used  in  the  Experiment. 
Target  Size  Ranges  frcm  Three  Cells  (Mo. 6)  to  78  Cells  (No.  1) . 
Note  that  Five  of  the  Targets  are  Discontinuous,  i.e.,  they 
Consist  of  a  Cluster  of  Cells,  not  all  of  which  are  Connected. 
(Frcm  Baker,  Morris,  and  Steedman,  Ref.  13) 


ability  to  learn  what  effect  a  change  in  resolution  will  have 
upon  the  appearance  of  the  target  form  rather  than  an  increase 
with  the  general  familiarity  with  specific  targets  and  search 
areas.  The  performance  data  also  indicates  that  the  location 
of  the  target  on  the  display  affects  performance.  It  was  found 
that  as  the  ratio  of  the  target  area  to  .the  aurea  of  the  smallest 
circle  which  would  enclose  the  target  increased,  search  time  and 
errors  increased.  Finally,  increasing  the  blur  disc  diameter 
decreased  the  subject's  performance  (Figure  35) . 

Steedman  and  Baker  (Ref.  321)  made  a  follow-up  investi¬ 
gation  of  speed  and  accuracy  of  target  recognition  as  a  function 
of  the  displayed  size  and  resolution  of  targets.  Circular 
problem  displays  were  cut  from  the  basic  12-inch  square  90,000 
cell  matrix  giving  circular  discs  of  7. 8- inches  diameter.  The 
five  probl^  discs  were  then  photographically  reduced  so  as  to 
result  in  a  series  of  displays  with  diameters  of  1.95,  3.90,  and 
5.85  inches,  and  matrix  cell  sizes  of  .01,  .02,  .03,  and  .04- 
inch  respectively.  Resolution  of  the  matrix  cells  for  the  / 
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Figure  35.  Probability  of  Error  (a)  and  Search  Tia>e 
(b)  as  a  Function  of  the  AiKJunt  of  Blur  Present. 
(After  Baker  ct  al..  Ref.  13) 


largest  cells  were  .00  (perfect  resolution) ,  .02,  .04,  .08  blur 
disc  diameter.  Four  groups  of  16  subjects  were  used,  each  group 
taking  one  fourth  of  the  total  of  16  treatment  conditions.  The 
24  targets  selected  at  random  (ranging  in  sis*  from  three  cells 
to  78  cells)  were  viewed  at  four  different  orientations  (90*^, 

1S0<>,  21QP ,  and  00*^)  at  a  distance  of  24  inches.  (See  Figure 
36)  .  The  subject  was  presented  with  a  "briefing  target  and  then 
required  to  locate  the  sane  target  in  the  presented  "problem 
display".  A  monetary  incentive  was  used  to  maintain  a  high 
level  of  motivation  in  the  subjects. 

The  significant  finding  was  that  both  criterion  measures, 
search  time  and  errors,  remained  relatively  invariant  until  the 
visual  cuigle  subtense  of  the  maximum  dimension  of  the  targets  ^ 
fell  below  12  min.  arc  (See  Figures  37  and  38)  .  Hence,  assuming 
a  12-inch  viewing  distance,  a  target  must  have  a  niniwim  size  of 
0.042  inch  as  displayed  in  order  to  expect  relatively  accurate 
and  rapid  recognition  under  ideal  conditions.  Where  practical, 
minimum  visual  angle  of  target  detail  should  be  about  20  seconds 
of  arc  to  insure  recognition. 
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Figtire  36.  The  24  Targets  Used  in  the  Study  Ranging  in  Size 
fron  3  Cells  (Nuaber  6)  to  78  Cells  (Nunber  1). 

(After  Steedaan  and  Baker,  Ref.  321) 


In  this  experiment,  the  subjects  always  "knew”  the  target 
ifould  be  "there”  and  thus  allowed  a  probability  of  error  in 
that  in  the  practical  radar  situation,  the  operator  is  not 
certain  that  there  is  a  target  "out  there". 

Gerathewohl,  et  al.  (Ref.  134)  conducted  an  experiment  to 
study  the  effect  of  noise  on  relative  form  discrimination. 
Twenty-four  subjects  viewed  four  targets  (circle,  sq^re, 
triangle  and  cross)  each  with  an  area  of  About  70  wmr .  (The 
square  was  approximately  8.3  mm  on  each  side  at  a  simulated 
distance  of  10  miles) .  The  targets  were  randomly  arranged  on 
4  target  circles,  each  of  which  included  three  of  the  above 
figures,  on  a  PPI  scope  with  a  surface  lumination  (at  20 
revolutions  per  minute  sweep  rate)  varying  from  4.0  to  10.5  ml 
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Figure  38.  Search  Time  and  Probability  of  Error  as  a  Function 
of  Matrix  Cell  Size.  Each  Point  Represents  1S38  Observations. 
(After  Steedman  and  Baker,  Ref.  321) 


and  with  target  lumination  ranging  from  60.0  to  375.0  ml  yielding 
a  continuously  changing  target  to  background  contrast  of  from 
18:1  to  36:1.  The  subjects  viewed  the  targets  one  at  a  time  at 
a  simulated  range  of  10,  20,  and  50  miles  (Figure  39). 


Figure  39.  Schematic  View  of  Target  Symbols  and  Target 
Circles  Used  by  Gerathewohl  et!al.  (Ref.  134) 
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The  relative  discriminability  of  the  four  forms  are  shovm 
in  Table  12.  The  triangle  ranked  the  highest,  followed  by  the 
square,  circle  and  cross  in  that  order-  Out  of  the  864  identi¬ 
fications  per  symbol,  the  triangle  was  . .isidentified  373  times; 
the  square,  556  times;  the  circle,  625  times;  and  the  cross ^  671 
times.  The  proportion  of  error  for  the  cross  was  0.77.  There 
was  a  tendency  for  all  the  figures  to  be  callcid  a  tr:  ngle. 

These  data  correlate  reasonably  well  with  findings  of  studies  on 
form  perception  discussed  earlier  in  this  section. 

The  relative  discrimination  of  all  the  targets  was  smaller 
at  the  50  mile  range  than  at  the  other  ranges.  However,  there 
were  more  targets  identified  correctly  at  the  20  mile  range  than 
at  the  10  mile  range.  The  orientation  of  the  target  may  have 
had  a  slight  effect  on  accuracy  of  oiscrimination,  but  this 
effect  was  small  when  compared  with  the  figure  characteristics . 
(See  Table  13.) 

^  Dardano  and  Donley  (Ref.  99)  investigated  the  discrim¬ 
inability  of  five  geometric  figures  which  were  selected  for 
convenient  generation  from  sine-waves  and  for  ease  of  encoding 
with  additional  information.  Independent  variables  in  their 
study  were:  (1)  density  level  of  the  presentations  (24  and  48 
symbols),  (2)  ratio  of  each  target  symbol  (1  circle  :  1  cross, 

1  circle  :  2  crosses,  and  1  circle  ;  5  crosses),  and  the  number 
of  symbols  to  be  discriminated  (4,  8,  12,  16  and  24).  Twe’'.ty 
subjects  viewed  30  slides  on  a  simulated  planned  position 
indicator  radar  scope.  i 

<■.  W  I 

Each  subject  sat  directly  in  front  of  the  screen  and  his 
viewing  distance  was  ^self-determined  (and  unspecified) .  Symbols 
used  are  presented  in  Figure  40.  \  ' 

Results  of  this  study  indicate  that  the  cross-within-circle 
and  the  cross  were  most  discriminable.  Dardano  and  Donley 
suggested  that  the  straight  lines  were  a  characteristic  of  the 
most  discriminable  symbol.  The  circle  and  the  half-circle  were 
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Figure  40.  Symbols  Used  by  Dardano  and  Donley.  (Ref.  99) 
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Saver,  svrhol  sizes  '■•ere  included  in  the  analysis:  2/16 ", 

3  16’,  u/ie*',  5/16",  6/16’,  7/lt-,  arxi  3/16".  At' t.he  lo-.-er 
linit  (2  16")  ,  all  synbcls  '•ere  barely  discrininable,  exhibited 
extreme  t  ariability  and  •■ere  not  included  in  the  statistical 
analysis  (Figure  41) .  The  relative  discrimination  order  of  the 
four  symbcls  did  not  confont  to  the  ranks  resulting  from  the 
earlier  study.  The  cross  remained  the  itore  discriminable  and 
the  Italf-circle  the  less  discriminable.  The  circle  shifted  tc 
the  second  most  discriminable  and  the  cross-within-circle 
shifted  to  the  third  position.  The  difference  between  the  most 
discriminable  pair  and  the  less  discrininable  pair  was  independent 
cf  size  level.  The  minimum  size  at  which  discrimination  was  not 
impaired  •■as  between  3/16"  and  5/16";  at  1/8"  there  was  an 
extreme  increase  in  scanning  time  and  errors  of  omission  for  all, 
sjmbcls.  The  size  at  which  these  si*mbols  ceased  to  function 
effectively  as  radar  symbols  appeared  to  lie  between  1/16 "  and 
2  16’  (Figure  41). 

No  definitive  rarjc  order  resulted  from  judgements  of 
discriminabiiity .  Sittbols  were  not  differentially  susceptible 
tc  -missicn  •■ith  the  excention  of  the  cross-within-circle  at 
the  2 '16’  level. 


In  1564,  Hcnigfeld  (F.ef.  171)  revie'rfed  the  literature 
pertaining  tc  radar  s^^mbology  and  concluded  that  there  has  not 
beer,  sufficient  •«’crk  done  in  choosing  one  shape  code  system, 
evaluating  it  and  assigning  meanings  to  it  to  allow  for  the 
.-a/.ing  cf  specific  recommendations  on  radar  symbology. 
Htnigfeld's  efforts  indicated  that  the  various  method  of 
presenting  stimuli  (slide  projector,  tachistoscopes ,  viewers, 
etc.,  but  not  actual  or  •■•ell  simulated  CRT  tubes)  •■ere  not 
sufficiently  analogo’us  to  actual  radar  operation  to  permit  one 
tc  generalize  the  res'ults  to  radar  symbology.  Ecnigfeld  fo'und 
vary  few  studies  that  defined,  let  alone  controlled  for,  such 
experimental  facters  as  acceleration,  humidity,  temperature, 
air  pressure  or  stress  ■•hich  are  ccmm.onl*/  fo-und  in  field 
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Target  Size  in  Sixteenths  of  an  Inch 

Figure  41.  Scanning  Tine  as  a  Function  of  Synbol  Size. 
Curve  Connects  Mean  Score  at  Each  Size  Level. 
(After  Data  from  Dardano  and  Stephens,  Ref.  100) 


operating  conditions.  She  recommended  that  the  establishment  of 
a  standard  radar  symbology  should  await  further  experimentation 
and  evaluation  of  these  variables. 

In  1969,  Davis  (Ref.  101)  reviewed  the  literature  and 
concluded  that  earlier  studies  were  not  relevant  for  application 
to  radar  situations.  Many  of  the  earlier  conclusions  she 
concluded  were  invalid  because  fjiey  did  not  taXe  into  account 
many  of  the  operator- radar-scope  variables  found  in  the 
operational  situation.  Davis  conducted  a  series  of  experiments 
which  were  intended  to  allow  for  these  variables  by  dealing  with 
the  symbols  in  isolation,  in  confusion  studies,  syr±x>l  meanings 
and  grouping.  From  the  results  of  these  studies,  Davis  drew  up 
a  set  of  reconmendations  for  proper  design  of  radar  symbology. 

In  Experiment  III,  20  subjects  (visually  screened  civilian 
and  military  technical  employees)  from  a  previous  experiment 
completed  a  paired-comparison  meaning  test  (assigning  a  given 
meaning  to  a  given  synbol) .  Friendly,  unknown,  and  hostile  were 
explained  to  the  subjects  and  after  each  meaning  had  been  defined, 
the  subjects  were  given  a  set  of  comparison  sheets  and  a  3  x  5 
card  for  use  in  comparing  the  syin)x:ls  one  at  a  tine  and  then 
circling  the  symbol  that  best  fit  the  meaning.  After  completing 
one  meaning  selection,  ths  subjects  were  presented  identical 
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-.atonal  ir.  .iifferc-r.t  craer  ar.d  ir-structed  to  ocnsider  tr.eir 
..He  for  a  Heocr.d  r.ear.ir.g.  Third  .teaning  was  treated  in  a 
Hi.- liar  rar.r.er,  Se.'ectior.  without  prclcr.ged  thought  was 
enphasized.  Data  fron  this  study  is  shewn  in  Table  14, 

The  circle,  oval  and  square  were  frequently  selected  as 
friendly  and  ranked  low  on  the  urJtnown  and  hostile  list.  The 
jet  plane  and  the  half  square  were  ran.ked  high  as  hostile 
fei lowed  by  t.he  vees  and  the  apex  up  and  down.  The  triangle, 
however,  which  is  a  forr  of  the  vee,  did  not  follow’  a  near.ir.g 
trerxi .  The  intersecting  arcs  show  the  strongest  trend  as 
unknown,  but  beyond  this  there  is  no  clear  distinction. 

The  half-octagon  was  associated  as  an  unJcnowTi  target. 
Performance  with  the  half-octagon  was  best  when  the  half -circle 
with  the  enclosing  diameter  was  omitted.  Since  the  half-circle 
appears  to  be  an  "ideal"  target,  the  half-octagon  is  not 
reconnended.  It  is  also  undesirable  because  of  degradation  or. 
the  CRT.  The  intersecting  arcs  are  also  shown  under  the 
unknown  colucm.  It  is  possible  that  size  differences  would 
further  improve  this  form  within  the  recorecended  codes.  Using 
it  with  the  plus  sign  or  the  X  should  be  avoided.  This  symbol 
has  minimal  effect  on  the  circle,  half-circle,  pointer,  and 
square.  It  is  the  best  fifth  symbol  in  the  study. 

The  triangle  was  poor  (as  both  hostile  and  unknown)  in  both 
time  and  errors.  The  pointer  and  the  diamond  probably  inter¬ 
acted  with  it  to  degrade  performance.  Further  changes  in  size 
might  improve  the  triangle  symbol. 

The  plus  sign  showed  poor  performance  when  paired  with  the 
X.  It  was  recocmended  that  one  of  these  two  symbols  be 
rejected  in  the  scune  code. 

The  data  gave  no  evidence  concerning  the  advantages  or 
disadvantages  of  either  linear  or  alphanumeric  modifiers.  The 
modifiers  were  considered  in  the  study  only  in  terms  of  inter¬ 
action  with  the  basic  forms.  The  potential  advantage  of  such 
modifiers  shculd  be  further  investigated. 

In  another  experiment  in  the  same  series  of  studies 
(Experiment  V,  from  Davis,  Ref.  101),  10  new  subjects  were 
selected  and  visually  screened  and  then  familiarized  with  a  set 
of  figures  similar  to  those  used  in  the  above  discussed  study. 
They  were  them,  presented  with  10  sets  of  modified  symbols  (5 
symbols  in  each  set  being  devised  or  modified  in  accordance 
with  the  results  of  the  four  preceding  experiments) -  The 
symbols  were  centered  within  a  1/4-inch  radius  on  3  x  5  cards 
(Figure  42)  .  The  five  basic  syrJbols  (or  suits)  of  a  series 
appeared  from  9  to  13  times  in  each  deck  of  55  cards  (2  decks 
of  cards  being  used  for  each  subtest  for  a  total  2-deck  count 
cf  22  for  each  symxol) .  While  the  test  decks  of  cards  were 
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T'^oXc  X4  •  T'o^tiX  OcCc^sxon  F»/i Cii  o^'misox  w'd^  PiTd^dX^x'^tX  i^oir 
A  Given  Meaning  Recorded  for  Each  SyrnJaoX,  (Fro~  Davis,  Ref.  IG! 


Paired  Comparisons  -  Totals 
N  =  20 

FRIEND  FOE  UNKNC'rfK 

No.  of  No.  of  No.  of  GRAND 


Choices 

Rank 

Choices 

Rank 

Choices 

Rank 

TOTAL 

X. 

r>i 

241 

9.5 

189 

16 

211 

15 

641 

2. 

A 
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22 

285 

4 

201 

17.5 

617 

3. 
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17 
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2 
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5 
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4. 

□ 
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4 
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10 

212 
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6 
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12 
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7 
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12 
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6. 
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21 
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3 
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16 
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8 

178 

18 
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10 
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8. 
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9 
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9. 
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17 
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16 
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14 
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22 
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20 
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6 
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7 
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19 

237 
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19 
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5 
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1 
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o 
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1 

66 

23 
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23 
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□ 

266 

4 

198 

15 
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23 
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1 

216 

11 
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6 
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8 

279 

3 

772 

19. 

0 
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15 

236 

12 

163 

21 

610 

20. 

□ 

269 

3 
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21 

162 

22 

583 
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237 

11 

166 

20 

243 

6 

646 

22. 

217 

13 

237 

11 

170 

20 

624 

23. 

V 

185 

18 

234 

13 

195 

19 

614 
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Figure  42.  Arrangenent  of  Synbols  or.  3  x  5  Cards  for  Experiment 

(Davis,  Ref.  101) 


used  and  timed  alternately,  item  sorts  were  inversely  ordered  to 
avoid  possible  recognition  of  the  fact  that  each  syiabol  appeared 
22  times  in  the  two  decks.  The  subject  was  shown  a  specific 
symbol  on  a  briefing  card  cind  asked  to  sort  out  all  of  the  same 
symbols  in  his  deck  of  cards.  This  procedure  was  then  repeated 
for  the  second  deck  of  cards  in  the  subtest.  A  brief  rest 
period  was  allowed  and  the  subject  was  tested  with  the  second 
set  of  synbols  (second  set  of  2  decks  of  cards) .  Sorting  error 
rate  and  the  tine  required  to  sort  out  each  of  the  target 
symbols  were  recorded  as  the  performance  measures . 

The  error  rate  and  the  sorting  time  are  sunaarized  in 
Table  15. 

In  general,  the  Friendly  AST  (air  supported  target)  has 
been  described  by  the  circle.  The  results  indicate  that  the 
circle  was  best  when  relatively  smaller  than  the  other  targets. 
An  ellipse  within  the  code  degraded  performance  with  the  circle. 

The  upper  half-circle  with  enclosing  diameter  proved  to  be 
an  excellent  symbol,  but  performance  with  it  was  degraded  with 
the  presence  of  the  open  octagon  and  possibly  with  the  triangle. 
Maximum  efficiency  was  obtained  when  it  was  twice  the  size  of 
the  circle,  pointer  with  the  apex  horizontal,  intersecting  arcs 
and  either  the  square  or  the  plus  sign. 
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Table  15.  Sirr^ary  of  Perforn:ance  Showing  Total  Errors  (E) 
and  Tir:e  in  Minutes  (T)  for  Each  Symbol  (S).  (After  Davis,  Ref.  101) 


The  ellipse  was  used  in  only  two  sets  and  in  both  the  cases 
performance  was  inadequate  with  elongated  tines  and  increased 
errors.  The  circle  and  probably  the  dianond  were  the  major 
contributing  factors . 

The  dianxjnd  proved  generally  poor  as  a  target  in  terms  of 
tine  and  error.  It  was  extremely  poor  when  ccmpared  with  the 
triangle  of  nearly  equal  apical  angle- 

The  pointer,  or  open  triangle,  with  about  45°  angle  is  an 
excellent* target  in  either  the  horizontal  or  vertical  orientation. 
It  can  be  used  with  the  circle,  90°  dianond,  half-circle,  square, 
plus  sign  or  intersecting  arcs  with  little  degradation.  This 
synbol,  along  with  the  circle  and  half -circle,  should  be  used  in 
any  code . 

The  square  shows  low  errors,  but  its  size  relative  to  the 
circle  is  very  important.  The  ratio  of  the  diameter  of  the 
square  to  the  circle  should  be  5/8. 
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The  following  general  recomendations  are  based  on  the 
findings  frcir.  the  entire  series  of  experiments: 

1.  Discernibility ,  or  pure  visibility,  is  not  an  adequate 
r.easure  for  selecting  symbols  to  code  mixed  information.  Two  or 
more  highly  discernible  forms  may  interact  with  resultant  poor 
discriminability . 

2.  Any  experimental  method  which  presents  symbols  individ¬ 
ually  cannot  demonstrate  interaction  between  symbols.  Sorting 
techniques  are  not  suitable  for  code  selection. 

3.  Experiments  using  black-on-white  drawings  representative 
of  a  coded,  five-dimensional  PPI  display  suggest  the  following 
tentative  rules  for  code  design: 

a.  Symbols  should  differ  strongly  in  shape.  Variations 
of  a  single  form  family  such  as  the  circle  and  ellipse  are  not 
desirable . 

b.  Redundant  cues  such  as  size  difference  may  be 
advantageous . 


c.  Characteristics  which  are  enhanced  by  a  unique 
search  method  add  to  the  saliency  of  an  individual  symbol  in  a 
code  complex. 


d.  If  several  basic  symbols  are  to  be  grouped  within  a 
major  classification,  a  fcuniliar  resemblance  may  be  desirable. 
Absolute  discrimination  of  these  basic  forms  requires  that  the 
resemblance  be  descriptive  rather  than  perceptive.  If  absolute 
discrimination  is  not  required,  a  single  symbol  should  be 
adequate . 


e.  The  most  satisfactory  five-dimension  code  in  the 
current  studies  (Series  Ilia)  results  in  an  average  locating 
time  of  0.80  seconds  combined  with  an  average  error  rate  of  0.44 
percent.  The  poorest  code  (Series  IIIc)  requires  an  average 
locating  time  of  1.34  seconds  with  2.64  percent  errors.  This 
advantage  reduces  time  to  59  percent  emd  errors  to  16  percent. 

4.  Further  experiments  using  actual  CRT  displays  are 
recommended  before  final  standardization  of  radar  symbols.  A 
variety  of  phosphors  and  ambient  illumination  levels  should  be 
included . 


5.  Learning  studies  should  be  conducted  to  select  ideal 
methods  for  increasing  the  informational  value  of  the  basic  codes. 
Modifiers  added  to  the  basic  symbols  could  confuse  the  total 
picture.  A  trade-off  between  the  advantages  of  total  information 
in  a  single  symbolic  unit  and  clean  symbols  with  auxiliary  read¬ 
outs  for  additional  information  must  be  considered. 
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little  neanJfngf ul  wori  has  beer,  done  in  the  area  of  display 
syodoology  to  allow  for  the  drawing  of  specific  conclusic.:s  or 
recoimnendations  applicable  to  electronically  generated  fligno 
displays.  The  only  unanimous  opinion  found  in  the  reviewed 
studies  was  to  the  effect  that  further  controlled  research  wac 
required.  Unlike  the  reviewed  studies,  however,  real  world  (or 
appropriately  simulated  real  world)  testing  is  required  which 
includes  not  only  realistic  viewing  conditions,  (fluctuating 
ambient  illumination,  observer  and/or  symbology  moticn, 
vibration,  visual  and  motor  tine  sharing)  but  also  realistic 
observer  task  performance  requirements  (tracting,  display 
searching,  etc.).  The  inclusion  of  the  above  considerations  is 
essential  for  further  meaningful  research  on  symbology  for  a 
given  operational  airborne  display,  not  to  mention  va’lid 
generalizations  from  one  display  situation  to  another. 

A  brief  review  of  the  preceding  results  indicates  that  the 
triangle  is  the  most  efficient  of  the  geometric  forms  tested  in 
terms  of  search-tine  and  accuracy  (Gerathewohl,  Ref.  134) .  The 
+  is  the  most  discriminable  of  the  operationally  tested  symbols 
used  by  Dardano  and  Stephens  (Ref.  100),  followed  by  the  circle 
the  cross  within  a  circle  ^  and  the  half-circle  r\, 
respectively.  The  circle,  ov^  or  square  were  most  frequently 
identified  as  friendly  aircraft  (Davis,  Ref.  101),  while  the 
jet  plane  A  and  the  half-square n  were  most  often  called  hostile. 
The  half-octagon  and  the  hooked  carves  ^  were  frequently 
identified  as  unknowns.  The  open  t’-i.angle  <  proved  to  be  an 
excellent  syirbol,  regardless  of  its  .  rientation  (Davis,  Ref.  ICl) 
Orientation  of  symbol  had  a  slight  effect  on  discrimination 
(Gerathewc’hl,  Ref.  134). 

Deese  (Ref.  104)  concluded  that  detectability  varied  as  a 
function  of  symbol  size,  with  the  slope  of  the  size/detectability 
relatioxiship  quite  steep  between  Innn^  to  2cm^  (symbol  size)  and 
leveling  off  after  2cm^.  Dardano  and  Stephens  (Ref.  100)  found 
3/16  to  5/16-inch  to  be  the  minimum  size  for  field  operations, 
but  that  at  1/8-inch  or  above  performance  fell  off  (scan  time  and 
error  increased) ,  Steedman  end  Baker  (Ref.  321)  recormend  target 
size  to  be  no  less  than  12'  arc,  but  as  much  as  20'  of  arc,  if 
feasible.  Baker,  et  al.  (Ref.  13),  found  that  search-tine  and 
error  increased  as  the  number  of  irrelevant  forms  present 
increased.  They  indicated  that  subjects  could  "learn'*  what 
effects  changes  in  resolution  will  have  on  targets. 

Recommendations 


I 


a 
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The  problem  of  optimiim  shapes  for  electronically  generated 
displays  is  closely  related  to  the  resolution  of  the  display 
itself.  Syroixjls  found  to  be  excellent  in  terras  of  laboratory 
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(photographic  black-on-white)  perfomance  may  suffer  significant 
perforr.ance  degradation  when  subjects  to  electronic  generation 
under  operational  conditions,  /additionally,  symbol  types  found 
to  result  in  acceptable  observer  performance  on  one  type  of 
display  system  (CRT,  for  example)  may  produce  unacceptable 
performance  on  another  type  of  display  (EL) .  Environmentally 
induced  degrading  factors  (vibration,  luminous  fluxes)  may 
reduce  display  resolution  and  sytabol  legibility  at  the  same  time. 
Current  literature  produces  no  data  specifically  addressing  the 
above  considerations. 

The  establishment  of  a  set  of  standard,  "worst  case", 
viewing  conditions  would  provide  a  basis  against  which  to 
evaluate  pertinent  symbology  data  (CRT  type  of  solid-state  display 
viewed  at  28  inches  under  ambient  illumination  ranging  from  0.1 
tcj  8,000  ft.  Lamberts,  with  contrast  varying  from  10:1  up  to 
100:1,  vibration  ranging  from  3  to  35  cps  with  amplitude  ranging 
from  3/10  to  3  g's  and  with  various  visual  and  psychomotor  task 
performance).  Examination  of  varioi  s  form  families  (i.e., 
triangles,  circles,  squares),  symbol  sizes  with  each  of  the  above 
design  variables  independently  varied  (and  varied  in  combinations) 
should  provide  the  symbol  shape-size  combination  that  is  most 
readily  legible  under  the  widest  range  of  parameter  variations 
that  are  likely  to  be  encountered  in  flight.  Additionally,  these 
data  should  provide  valuable  design  oriented  trade-off  relation¬ 
ships  among  all  of  the  parameters  examined  and  indicate  the 
interaction  effect  of  a  number  of  the  more  significant  variables. 

Specifically,  threshold  symbol  size  is  known  to  decrease  as 
the  luminous  level  is  increased  up  to  a  maximum  (about  100  ft, 
Lamberts,  depending  on  other  conditions) .  No  data  are  found 
relating  tljreshoid  synJjul  size  to  luminance  at  high  luminance 
levels  (above  1,000  to  2,000  ft.  Lamberts).  Likewise,  minimum 
symbol  size  is  known  to  increase  in  the  presence  of  vibration, 
but  the  exact  nature  of  this  relationship  is  unknown.  A 
systematic  evaluation  of  minimum  symbol  size  required  for  lOOX 
legibility  under  increasing  frequency  and  amplitude  of  vibration 
would  establish  this  relationship.  The  relationship  of  symbol 
size  and  contrast  could  be  examined  in  a  like  manner.  A  similar 
procedure  would  be  followed  for  the  evaluation  of  the  other 
factors  associated  with  symbol  legibility. _ ^ 

In  all  of  the  above  examinations,  the  observer  performance 
measure  would  always  be  lOOX  symbol  discriminability  over  all 
(cr  the  greater  portion)  of  the  range  of  variation  of  the  design 
variable  being  examined  (or  expected  to  be  encountered  in  flight) . 
On  the  other  hand,  the  values  derived  (symbol  size,  for  example) 
could  not  be  inordinately  large  because  of  possible  interaction 
effects  with  other  pairameters  (reduction  in  the  amount  of  other 
infor-aticn  that  could  be  presented) . 
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COLOR  CODING 


Ir.troduction 


Possibly  the  nost  difficult  and  controversial  aspect  of 
’/isual  display  encoding  and  one  that  has  produced  considerable 
literature  is  tnat  of  color  coding.  This  situation  is  ccnpounded 
by  the  fact  that  the  exact  physiological  nature  or  basis  of  color 
perception  is  still  only  hypothesized.  The  retinal  cones  are 
generally  regarded  as  the  color  sensitive  receptors,  but  the 
precise  r-anner  in  which  they  function  is  still  being  investi¬ 
gated.  No  single  theory  is  conpletely  acceptable,  even  today. 
However,  certain  empirical  procedures  have  been  evolved  which 
are  useful  in  describing  and  even  predicting  the  phenomena  of 
visual  color  and  constitute  the  basis  of  modern  colorimetric 
procedures . 

Luxerherg  and  Kuehn  (Pef.  226)  conclude  that  color 
experiences  are  more  than  simple  sensations  elicited  by  certain 
stimuli.  Color  perception  occurs  in  various  modes  as  for 
example  when  the  observer  is  aware  of  a  surface  that  glows, 
glitters,  appears  dull,  transparent,  or  reflective  in  nature. 

Most  visual  display  systems  usually  involve  more  than  one  of 
these  perceptual  modes.  Of  the  various  modes,  aperture  color 
appears  to  be  one  of  the  more  important  in  visual  display  design. 
Aperture  color  is  usually  seen  as  being  non-object  connected; 
that  is,  it  appecurs  as  if  it  were  filling  a  hole  in  a  surface. 
There  are  three  attributes  associated  with  aperture  color,  and 
they  are  correlated  to  some  extent  with  the  physical  character¬ 
istics  of  light.  These  consist  of  brightness,  hue  and  saturation 
which  are  the  response  correlates  of  luminance,  wavelength, 
purity  and  duration.  These  three  attributes  are  of  primary 
concern  in  the  design  of  colored  visual  displays.  Object  colors 
and  tneir  properties  of  reflectance,  volume,  form,  transmittance, 
etc.,  are  relevant,  but  only  indirectly. 

Wulfeck  (Ref.  363)  concludes  that  the  sensation  of  color 
consists  of  at  least  the  three  factors  listed  above  and  that 
these  are  complexly  related  to  the  physical  characteristics  cf 
the  stimulus  and  to  the  illuminant  under  which  it  is  viewed.  He 
describes  brightness  as  being  closely  related  to  the  rate  of 
transfer  of  luminous  energy,  that  is  the  lumens  per  sterdians 
per  unit  of  area  (lamberts)  .  The  hue  (color)  of  an  object  is 
closely  related  to  the  dominant  wavelength  of  the  light  being 
emitted  or  reflected  from,  its  surface.  The  saturation  of  a 
color  (the  purity)  is  related  to  the  amount  of  white  light  rr.ixed 
with  the  hue  or  color.  The  latter  is  dependent  to  a  large 
extent  upon  the  type  and  the  amount  of  illuminant  present. 

It  must  be  noted  that  the  specification  of  a  color  is 
usually  done  so  in  terns  of  all  three  of  its  attributes.  Since 
all  of  these  interact,  care  must  be  exercised  when  measuring 
one  component  to  keep  the  other  two  as  nearly  constant  as 
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possible.  For  this  same  reason,  the  display  designer  must  take 
into  consideration  the  other  two  attributes  of  a  selected  color 
when  assigning  it  to  a  visual  display.  He  must  choose  colors 
that  will  be  bright  enough  to  be  legible  under  all  conditions 
expected  to  be  encountered  while  viewing  the  display.  This 
includes  both  the  amount  and  types  of  illumination  to  be 
encountered.  As  Wulfeck  (Ref.  363)  points  out,  important  markings 
on  some  aeronautical  charts  simply  vanish  under  red  light. 

Until  most  recently,  it  had  been  possible  to  account  for 
nearly  all  the  aspects  of  color  vision  by  one  of  two  basic 
t-heories  of  color  vision.  With  very  few  exceptions,  all  the 
important  theories  of  color  vision  could  be  grouped  into  two 
basic  categories;  the  trichromatic  school  of  the  Young -Helmholtz 
tneory  or  in  the  opponents-process  concept  of  Herring. 

Schroeder  (Ref.  291)  evolved  a  theory  which  does  not  require 
different  kinds  of  cones  or  photochemicals,  but  accounts  for 
color  by  having  three  identical  receptors  positioned  at  appro¬ 
priate  points  along  the  outer  segment  of  each  cone.  Color 
discrimination  is  accomplished  by  the  interference  of  reflected 
waves  with  incident  waves  from  an  object.  This  theory,  however, 
is  entirely  physical  in  nature  and  does  not  account  for  the 
physiological  or  psychological  phenomena  or  process.  Boynton 
(Ref.  39)  proposed  a  theory  that  attempted  to  account  for  the 
physics,  physiology  and  the  psychology  of  color  vision  by 
assuming  three  types  of  photo  pigments  distributed  among  five 
types  of  cones.  He  concludes,  however,  that  the  process  of 
color  vision  will  not  be  fully  understood  until  "electro- 
physiologist,  probing  into  the  brain  with  his  electrodes,  has 
found  the  electrophysiological  substrate  of  conscious  color 
experience".  Several  other  attempts  have  also  been  made,  but 
none  have  successfully  accounted  for  all  the  E>arameters  of 
color. 

Color  may  be  perceived  as  chromatic  or  achromatic.  Chromatic 
colors  are  those  colors  that  elicit  hues;  that  is,  colors  with 
wavelengths  that  elicit  the  primary  sensation  of  hue  (e.g.,  red, 
blue,  green) .  The  chromic! ty  of  a  color  refers  to  the  particular 
aspect  of  the  color  described  by  its  dominant  wavelength  and 
purity  (purity  is  the  property  that  evokes  the  sensation  of 
saturation) .  The  discrimination  of  hue  is  an  individually 
sensitive  process  wherein  the  observer  may  be  able  bo  detect  a 
hue  difference,  but  is  unable  to  describe  the  difference  or 
assign  a  name  to  it.  Additionally,  small  luminance  variations 
can  obscure  the  detectability  of  hue  shifts.  With  all  other 
variables  being  held  constant,  the  detectability  of  hue  change 
also  varies  with  the  portion  of  the  color  spectrum  being 
altered.  Osgood  (Ref.  259)  states  that  there  are  four  spectrum 
positions  at  which  maximal  differential  sensitivity  occur.  TheS'j 
positions  are  generally  regarded  as  being:  440  (blue) ,  485 
(green) ,  575  (yellow) ,  and  640  nm  (red) . 
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Achronatic  colors  axe  referred  to  as  neutrals  or  grays  in 
that  their  dctninant  wavelengths  do  not  elicit  the  sensaticr.  of 
hue.  Without  the  quality  of  hue,  achrccsatic  colors  do  not  have 
the  attribute  of  saturation  which  Bumhar:,  Hanes,  and  Bartleson 
(Ref.  55}  describe  as  a  color's  degree  of  departure  frca=  an 
achromatic  color  of  the  sane  brightness.  Lucinance  changes  also 
considerably  affect  saturation.  At  a  level  above  some  optimum 
(50-100  ft.  L),  a  decrease  in  saturation  of  chromatic  colors 
occurs  until  at  extremes  a  total  desaturation  or  achrcmicity  is 
approximated.  In  this  region  of  absolute  luminance  thresholds, 
all  colors  (with  the  exception  of  red  (640  nm  and  up)  elicit 
achromatic  sensations.  Again,  the  luminance  level  necessary  for 
maximum  saturation  is  wavelength-dependent.  However,  colors 
which  elicit  greater  saturation  require  less  luminance  to  appear 
maximally  saturated  (blues,  reds,  and  purples  are  in  this 
category) .  Yellows  and  green-yellows  require  comparatively  high 
luminance  levels  to  appear  saturated. 

As  is  evident  here,  colors  by  themselves  eire  complex  otimuli 
with  interrelations  between  luminance,  purity,  dominant  wave¬ 
length,  and  of  course,  the  psychophysical  response.  Basic 
knowledge  of  these  interactions  would  be  beneficial  in 
establishing  a  true  multidimensional  coding  system.  Bishop  and 
Crook  (Ref.  30)  working  towards  such  a  code  discovered  that  the 
interdependence  of  these  dimensions  beccxres  more  apparent  with 
small  stimuli.  Jones  (Ref.  186)  concludes  that  systematization 
of  brightness,  saturation,  and  hue  is  still  far  from  cooplete  and 
that  much  work  remains  to  be  done  in  this  area. 

The  investigation  of  color  codes  has  becccLe  more  pronounced 
in  recent  years  with  the  advent  of  and  increasing  reliance  on 
computer  generated  and  other  complex  display  systems.  But  even 
in  these  modern  systems,  man  is  still  the  primary  analyst  of  the 
information  presented,  and  ways  and  means  of  improving  his 
efficiency  are  constantly  being  sought.  Even  under  optimum 
conditions,  the  amount  of  information  that  the  human  can  process 
within  a  given  period  of  tine  reaches  an  aisymptote  as  the  amount 
of  stimulation  increases.  As  Miller  (Ref.  237)  pointed  out, 
man's  channel  capacity  is  rather  small.  The  introduction  of 
independently  variable  attributes  of  a  code  selected  from  a 
single  continuum  may  increase  the  amount  of  informatiott  that  can 
be  transmitted,  up  to  certain  limits.  In  this  respect,  color 
coding  holds  great  promise  in  the  more  complex  display  situations. 

The  brief  discussion  thus  far  enumerated  but  a  few  of  the 
many  parameters  that  must  be  considered  in  the  application  of 
color  to  visual  displays.  Add  to  these  such  basic  considerations 
as:  the  effects  of  brightness,  size,  and  nature  of  light  source, 

the  nature  of  the  operator's  task,  the  interaction  effect  of  the 
colors  employed,  the  use  of  multidimensional  codes,  and  the  cost 
of  generating  color  and  its  reliability,  and  the  scope  of  the 
task  is  widened  even  further.  It  is  beyond  the  scope  of  this 


105 


report  to  deal  exter.sively  with  these  and  the  nany  r^ore  variables 
associated  with  color  coding-.  Indeed,  it  is  not  even  certain 
th.at  It  would  be  of  value  to  do  sc.  This  section,  therefore, 
will  limit  itself  to  addressing  three  problems  of  color  coding 
of  visual  displays.  This  is  by  no  neans  an  attempt  to  relegate 
the  many  other  variables  to  positions  of  lesser  importance,  but 
merely  an  effort  to  concentrate  attention  on  several  of  the 
factors  directly  applicable  to  visual  displays.  These  factors 
are : 


1.  Hue  Alphabet  Size:  What  is  the  paximun  number  of  colors 
that  can  be  absolutely  discriminated  under  operational  conditions 
This  question  takes  into  account  such  factors  affecting 

discr im.ination  as:  symbol  size,  ambient  and  background  illumi¬ 
nation,  degree  of  registration  (or  misregistration  of  color; , 
luminance  levels,  purity,  and  brightness. 

2.  Advantages  of  Color  Codes:  Under  what  conditions  is  the 

use  of  color  coding  more  efficacious  than  other  means  of  coding 
information?  This  question  must  take  into  account:  the 

nature  of  the  information  presented,  density  of  the  information 
presented,  nature  of  the  operator’s  task,  the  criticality  of  the 
information,  and  the  trade-off  values  involved. 

3 .  Disadvantages  of  Color  Coding:  Are  the  advantages 
achieved  through  the  use  of  color  warranted  in  light  of  the  cost 
of  production?  Here  we  are  concerned  with  the  problems  of  the 
initial  cost  of  generation,  maintenance  and  reliability  of 
color,  and  the  need  to  use  this  method.  Additionally,  some  of 
the  disadvantages  of  color  coding  must  be  considered. 

These  three  "questions"  form  the  basic  structure  for  the 
following  review. 


HUE  ALPHABET  SIZE 


Considerable  research  effort  has  been  directed  towards 
establishing  the  number  of  different  spectral  hues  which  can  be 
used  together  effectively.  Ketchel  and  Jenney  (Ref.  206) 
conclude  that  the  number  depends  upon  the  brightness  and  size  of 
the  light  source,  the  nature  of  the  observer’s  task,  and  the 
particular  colors  used.  If  only  relative  judgements  are  required 
of  the  observer,  the  number  of  discrininable  spectral  hues  is 
quite  large.  P.izy  (Pef.  278)  cites  an  unpublished  report  by 
Halsey  (1962)  who  estimates  that  under  ideal  conditions  the  total 
number  may  be  as  high  as  ten  million.  But,  Halsey  goes  on  to  say 
that  under  poor  conditions  and  considering  stringent  speed  and 
accuracy  demands  placed  on  the  observer  as  well  as  the  realistic 
limitations  placed  on  operational  color  generating  equipment, 
the  number  of  discrim.inable  colors  may  be  as  low  as  three. 


Vi'ulfech  (Ref-  363)  suggests  that  vith.  good  illur.ir.atoor. 

(r.ot  specified)  and  saturated  colors,  some  125  hues  cculd  he 
comparatively  discriminated  by  cbser’/ers.  He  cautions,  however, 
that  the  ability  of  the  eye  to  discrir.inate  colors  varies  with 
the  different  portions  of  the  color  spectrum  being  dealt  with. 

The  eye's  discrimination  is  greatest  at  two  separate  points 
along  the  spectrum,  in  the  region  of  blue-green  wavelengths  and 
yellow  wavelengths  (see  Figure  43).  At  these  two  points,  wave¬ 
length  differences  as  small  as  one  millimicron  car.  be  discrimi¬ 
nated  as  separate  hues.  At  the  red  end  of  the  spectrum., 
however,  the  difference  must  be  as  great  as  20  m.illimicrons  in 
order  tc  be  discriminated  as  separate  hues.  He  also  notes  that 
the  numher  of  colors  that  can  be  discrimanated  or.  an  absolute 
basis  is  much  sm;ailer  than  the  128  figure  given  above. 

.Yost  display-oriented  experimenters  prefer  to  use  absolute 
judgements  as  the  criterion  of  discriminability .  Baxer  and 
Greth.er  (Ref.  12)  determined  that  with  a  brightness  of  1  r.illi- 
lambert  and  with  a  visual  angle  subtense  of  at  least.  4  5  mum.,  of 
arc,  the  ten  .hues  shewn  in  Ficpire  44  car.  be  correctly  identified 
nearly  IOCS  of  the  time. 

If  white  is  included,  the  number  of  absolute  identifiable 
hues  is  11.  This  numJber  has  been  confirmed  by  several  other 
sources  (Halsey  and  Chapanis,  Ref-  369;  .Xuller  et  ai . ,  Pef.  250; 
.Vorgan  et  al . ,  Ref.  247). 

Jcr.es  (Ref.  186)  concluded  that  the  findings  or.  absolute 
hue  judgements  were  “in  sharp  contrast*  to  research  on  comparative 
judgements.  Kright  (Ref.  367),  in  a  comparative  discrimination 
study,  fourid  that  observers  could  comparatively  discriminate 
approxim.ately  150  stimulus  hues.  Hanes  a.nd  Rhodes  (Ref.  157) 
attempted  to  train  observers  in  order  to  increase  the  number  of 
absolutely  discr im.inable  surface  colors.  After  extensive 
practice  their  observer  was  only  able  tc  identify  50  colors, 
but  t-his  skill  was  readily  lost  without  practice.  (It  should  be 
ncted  that  the  .Munsell  chips  used  by  Hanes  and  Rh.odes  varied  in 
satiiration  and  lightness  as  well  as  hue)  . 

The  size  of  an  unequivocal  hue  alphabet  has  been  determined 
by  the  r.umier  of  points  along  the  wavelength  continuum  that  are 
accurately  discriminated  by  t.he  visually  norm.al  observer.  This 
nu.~.ber  cf  discrimi.nable  hues  not  only  defines  the  am.ount  of 
information  that  can  be  transmitted  per  stimulus,  but  also 
i.ndicates  scmie  cf  the  qualifications  of  the  hue  as  a  ccxling 
means.  Probably  one  of  the  first  investigations  of  the  hue 
continuum,  using  this  .method  of  absolute  discr im-inaticn  (judge¬ 
ment)  v-s  carried  out  by  Halsey  and  Chapanis  (Ref.  369)  .  They 
used  luminous  spectral  hue  (whic.h  did  vary  in  saturation)  in 
developing  four  alphabet  sizes  ranging  from.  10  stimuli  to  17 
stim.uli.  The  test  spots  used  were  about  45  minutes  of  arc  a.-.u 
.had  lu-.ir.ances  of  28  candles  per  square  meter.  The  backgrou.nd 
lu.~.i.nance  was  24  candles  per  square  meter. 
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Figure  43.  Smallest  Difference  in  Wavelength  that  can  be 
Detected  as  Different  in  Hue  Using  the  Comparative 
Methcxl  of  Discrimination.  (After  Wulfeck  et  al..  Ref.  363) 
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44.  The  Ten  Absolutely  Identifiable  Spectral  Hues 
Suggested  by  Baker  and  Grether.  (Ref,  12) 
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Table  16  summarizes  the  findings  of  this  study.  It  can  be 
seen  that  the  10  stimuli  alphabet  was  identified  with  the 
greatest  accuracy  (average  of  a  2X  error  rate) .  The  error  rate 
increased  as  a  function  of  the  size  of  the  alphabet. 

Conover  and  Kraft  (Ref.  87)  and  Conover  (Ref.  85)  extended 
the  %«jrk  of  Chapanis  and  Halsey  to  surface  hues.  They  attempted 
to  determine  the  maximum  number  of  absolutely  identifiable  hue 
stimuli  and  to  construct  a  scale  of  equally  discriminable  hues. 
Ten  subjects  viewed  25  hues  in  random  order,  masked  by  one  of 
three  neutral  backgrounds.  The  color  patches  were  presented 
through  a  three  degree  aperture  of  a  neutral  mask  and  were 
viewed  under  21.4  ft-candles  of  6800°  K  illumination. 


Table  16.  Summary  of  Data  Obtained  with  Absolute 
Judgement  of  Spectral  Colors, (Chapanis  and  Halsey,  Ref.  369) 
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The  authors  found  that  the.  nuriber  of  absolutely  discrini- 
r.abi’e  hues  varied  from  5  to  16  ,  depending  upon  the  individual 
being  tested.  Under  ideal  viewing  conditions,  half  of  the 
subjects  tested  could  discriminate  without  appreciable  error 
nine  maximally  saturated  surface  hues.  They  suggest  that  this 
be  the  maximum  number  used  in  displays.  If  the  operator  is  to 
ma.ke  absolute  judgements  on  the  basis  of  hue  alone,  then  eight 
should  be  the  maximum  number  used  to  minimize  error.  From  their 
results,  the  authors  recommend  the  5,  6,  7,  and  8  hue  alphabets 
sr.cvn  in  Table  17.  They  caution,  however,  that  these  colors 
are  for  surface  hues  alone.  Care  should  be  exercised  in  extra¬ 
polating  these  results  to  CRT  type  or  self-luminous  displays 
A-ithout  further  validation.  The  smaller  alphabets  should  be 
used  where  applicable  to  improve  identification  accuracy.  They 
suggest  that  not  more  than  six  hues  be  employed  when  desaturated 
self-luminous  hues  are  used.  If  these  are  to  be  viewed  under 
degraded  conditions,  no  more  than  five  should  be  used. 

The  achromatic  series  of  hues  were  deliberately  omitted  from 
the  recommended  colors  (white  through  black)  because  they  could 
not  accurately  be  absolutely  discriminated  under  less  than  ideal 
viewing  conditions.  They  estimated  that  the  average  person's 
ability  to  make  reliable  absolute  judgements  of  lightness 
differences  is  limited  to  not  more  than  three  steps  -  white,  gray 
and  black. 

Bishop  and  Crook  (Ref.  30)  conducted  a  series  of  studies  to 
determine  the  number  of  colors  which  could  be  absolutely  identi¬ 
fied  by  subjects  with  normal  color  vision  when  viewed  against 
various  colored  backgrounds.  Additive  mixtures  of  light  were 
passed  through  narrow-band  and  Illuminant-C  filters  and  projected 
onto  a  viewing  screen  by  a  device  which  permitted  independent 
control  of  the  target  and  background  characteristics.  The 
stimulus  parameters  of  hue,  luminance  level,  purity,  target  size, 
and  target  shape  were  varied,  and  the  results  of  these  factors 
interacting  with  training  and  the  presence  of  distracting  tasks 
were  studied. 

Eight  subjects  with  varying  degrees  of  training  served  in 
the  study.  All  subjects  had  normal  color  vision.  The  28 
stimuli  were  presented  on  a  0.5  ft- Lambert  white  background. 

Mean  ambient  illumination  was  0.2  ft.  Lamberts.  The  subjects 
viewed  the  0.5  inch  stimulus  from  a  distance  of  20  inches  (which 
subtended  a  visual  angle  of  1  degree,  26  minutes) .  So  time 
limit  was  placed  on  the  stimulus  presentation  but  the  subjects 
were  instructed  to  avoid  excessive  delays.  Response  times  varied 
widely,  with  an  estimated  model  time  of  10  seconds.  Purity 
levels  of  the  colors  were  varied  from  lOX  up  to  the  maximum 
shewn  in  Table  18.  A  purity  of  70%,  however,  was  assumed  to  be 
the  best  that  could  be  obtained  in  operational  systems  and  this 
figure  was  used  in  the  concluding  recommendations.  The  target 
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Table  17.  RecCTomended  Color  Alphabets:  Chart  A  for  8  Hue 
Alphabet,  Chart  B  for  7  Hue  Alphabet,  Chart  C  for  6  Hue  Alphabet 
and  Chart  D  for  5  Hues. (After  Conover  and  Kraft,  Ref.  87) 
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Chart  D 
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5P 
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Color 


Table  18.  Colors  and  Purity  Levels  Used  by 
Bishop  and  Crook,  (Ref.  30) 


Catalog  Dominant  Excitation 

Designation  Wave  Length  Purity 


Red 

Corning  2-78 

630 

lOOX 

Orange 

Wratten  72B 

606 

100 

Yellow 

Corning  3-110 

588 

100 

G-Yellow 

Wratten  73 

574 

100 

Y-Green  1 

Corning  4-102 

552 

100 

Y-Green  2 

Wratten  74 

538 

96 

Green 

Corning  4-105 

521 

82 

B-Green 

Corning  4-104 

500 

92 

G-Blue 

Wratten  75 

492 

88 

Blue 

Corning  5-60 

461 

97 

luminance  level  was  varied  (1,  10,  and  100  ft-L)  and  the  target 
size  was  varied  (0.06  inch,  0.12  inch,  0.50  inch  and  2.0  inch). 

Bishop  cind  Crook  concluded  that  learning  played  an  important 
part  in  the  discrimination  of  a  large  number  of  colors.  Although 
not  specifically  studied  in  this  series  of  experiments,  the 
results  indicated  that  the  basic  set  of  28  stimuli  displayed  nn 
a  white  background  could  be  learned  in  from  10  to  14  trials.  It 
was  also  found  that  conditions  which  tend  to  attenuate  the 
colors  produced  poorer  scores.  It  was  found,  however,  that  the 
subjects  could  learn  to  identify  colors  with  purities  as  low  as 
SOX  presented  on  colored  backgrounds  with  purities  as  high  as 
SOX  with  a  moderate  amount  of  practice.  Learning  beyond  this 
stage  was  deemed  too  costly  for  the  results  produced. 

The  three  liiminance  levels  used  in  this  study  (1,  10,  and 
100  ft-L)  were  all  identified  with  ‘satisfactory*  accuracy. 
Luminance  levels  of  above  100  f  t.  L  were  not  examined  because  of 
the  limitations  of  the  generating  equipment  and  the  introduction 
of  the  additional  parameter  of  glare. 

With  a  small  amount  of  additional  training,  the  subjects 
could  reduce  identification  error  to  zero  using  colored  back¬ 
grounds  of  not  more  than  SOX  purity.  (See  Graph  D,  Figure  45) . 
The  subjects  reported  that  the  colors  looked  different  on  the 
colored  backgrounds,  but  the  results  reported  suggest  that  the 
tasks  were  not  much  more  difficult  with  the  colored  backgrounds 
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Practice  Runs 


Practice  Runs 


Practice  Runs 


Practice  Runs 


Figxire  45.  Percent  Error  in  Color  Identification  as  a  Function 
of  the  Number  of  Practice  Rvms.  (Averaged  for  All  Subjects)  for 
Selected  Target  (T)  and  Baclcground  (B)  Purity  Combinations 
(After  Bishop  and  Crook,  Ref.  30) 


than  with  the  white.  Additional  exacination  of  this  probleis  of 
colors  appearing  to  be  of  different  colors  on  colored  back- 
grounds  is  required  before  equally  discriEinable  color  alphabets 
could  be  developed  ‘for  different  backgrounds. 

In  conclusion,  the  authors  make  the  following  reconnen- 
dations  based  on  the  results  of  their  experiments: 

There  are  probably  50  to  70  colors  varying  in  hue,  purity, 
and  luminance  in  the  range  between  2  and  200  times  the  back¬ 
ground  luminance,  which  can  be  identified  absolutely  with 
extensive  training  under  laboratory  conditions.  There  are 
approximately  30  colors  usable  in  an  operational  system, 
assuming  moderate  training  and  reasonably  favorable  working 
conditions.  Identification  of  28  colors  at  maximum  purity, 
varying  in  hue,  and  in  luminance  in  the  above  range,  against  a 
white  background,  can  be  learned  in  10  to  lU  practice  runs 
through  the  set.  Such  factors  as  colored  backgrounds  and 
reduced  target  purity  increase  the  difficulty  of  identification. 
After  targets  at  maximum  purity  against  a  white  background  have 
been  learned,  targets  at  no  less  than  SOX  purity  combined  with 
colored  backgrounds  of  no  more  than  SOX  purity  can  be  learned 
with  a  moderate  amount  of  additional  practice.  More  severe 
conditions  require  extensive  training.  About  10  hues  (with 
white)  are  likely  to  be  usable  in  an  operational  set,  3 
luminances,  and  2  purity  levels  (other  than  zero  purity) ,  though 
only  about  half  of  the  possible  combinations  cam  be  safely  used 
without  excessive  training.  Background  purity  interacts  with 
target  luminance,  high  purity  producing  increased  errors  at  the 
lower  luminances.  Colored  targets  at  luminances  below  that  of  a  . 
colored  background  cannot  be  identified  with  satisfactory 
accuracy.  Target  size  in  the  range  frcxn  0.12  inch  (21'  of  visual 
angle)  to  somewhere  above  0.5  inch  (5°  4')  is  not  a  significant 
factor,  but  a  decrease  in  diameter  of  round  targets  from  0.12  inch 
(21*)  to  0 .06  inch  (10 • )  impairs  identification.  Conditions  which 
appear  to  interfere  with  the  subjective  reference  standard,  such 
as  distracting  tasks,  lapse  of  time,  and  increase  in  the  number 
of  items  tested  in  a  set,  tend  to  impair  color  identification. 

-Meister  and  Sullivan  (Ref.  232)  reviewed  the  literature  on 
coding  and  recommended  the  colors  presented  in  Table  19  for  use 
in  the  design  of  visual  displays.  Examination  of  this  table 
reveals  that  the  recommendation  correspond  rather  closely  with 
the  distribution  suggested  by  Baker  and  Grether  (Kef.  12) . 

Meister  and  Sullivan  did  not  indicate  the  sources  they  used  as 
the  basis  of  their  recommendations. 

Morgan  et  al.  (Ref.  247)  cakes  the  following  recocmendations 
for  color  coding  targets  to  be  detected  against  a  nonuniform 
backgrourai : 
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Table  19.  Color  Recoimendations  by 
Meister  and  Sullivan. (Ref .  232) 


Recommended  Chromatic  Colors 


Color 

Name 

Munsell 

Book  Notation 

Chroma ticity 
Coordinates 

Dominant 

Wavelength 

Nonometers 

Federal  Spec . 
595  Equivalents 
(paint  chips) 

Purple 

1,0  RP  4/19 

1 

X  -  .2684 

Y  -  .2213 

430 

27144 

Blue 

2.5  PB  4/10 

X  -  .1922 

y  -  .1673 

476 

15123 

Green 

5.0  G  5/8 

X  -  .0389 

y  -  .8120 

515 

14260 

Yellow 

5.0  Y  8/12 

X  -  ,5070 

y  -  -4613 

582 

13538 

Orange 

2.5  YR  6/14 

X  -  .6018 

y  -  -3860 

610 

12246 

Red 

5.0  R  4/14 

X  -  .6414 

y  -  .3151 

642 

1  11105 

Reccwmnended  Achrcanatic  Colors 


Color 

Name 

ISCC-NBS 

Symbol 

Munsell 

Value 

Chroma ticity 
Coordinates 

Federal  Spec. 
595  Equiv. 

Black 

B1 

Nl.O  or  lower 

X  -  .3151 

y  -  .3425 

17038 

Gray 

Gy 

— 

X  =  .3100 

16187 

y  »  .3160 

White 

White 

N9.0  or  higher 

X  =  .3137 

17886 

y  =  .3222 
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1.  Choose  a  color  that  contrasts  most  with  the  colors  in 
the  background. 

2.  Choose  a  brightness  that  differs  as  much  as  possible 
from  the  background.  Pick  white  or  bright  colors  for  d£irk 
backgrounds,  and  visa  versa. 

3.  Use  a  fluorescent  color  for  targets  against  a  dark 
background . 

»- 

4.  Use  as  large  an  area  of  solid  color  as  possible.  Do  not 
use  strips  or  checks;  patterns  like  these  are  not  visable  at 
small  visual  angles;  they  only  fuse  and  reduce  the  contrast  of 
the  target  against  the  background. 

5.  If  the  target  has  to  be  seen  against  various  kinds  of 
background f  have  the  target  in  two  contrasting  colors,  dividing 
the  target  so  as  to  make  the  two  areas  of  solid  color  as  big  as 
possible;  one  or  tne  other  of  the  two  colors  will  contreist  with  most 
backgrounds .  Good  pairs  of  colors  for  this  purpose  are  the 
following: 


white  and  red 
bright  yellow  and  black 
bright  yellow  and  blue 
bright  green  and  red. 


This  brief  sunmary  of  soae  of  the  more  important  %fozks 
dealing  specifically  with  hue  alphabet  size  allows  for  the 
drawing  of  the  following  conclusions: 

1.  No  definite  alphabet  size  can  be  specified.  An  average 
drawn  from  the  reports  reviewed  shows  the  size  to  be  between 

8  and*' 12  hues,  the  exact  size  varying  with  the  viewing  conditions, 
the  individual  viewer,  and  the  amount  of  information  that  is 
required  to  be  displayed  (Table  20). 

2.  The  specific  hues  recommended  varied  from  study  to 
study.  This  is  a  good  indication  that  such  important  variables 
as  illumination  levels,  individual  differences,  amd  display 
mechanisms  all  play  a  significant  part  in  the  perception  of 
color. 

3.  Only  brief  references  have  been  made  in  connection  with 
color  on  CRT  type  displays.  No  significant  research  has  been 
gncovered  directly  dealing  with  the  use  of  color  coding  on  CRT 
displays  under  the  operational  conditions  experienced  in 
airborne  environments - 
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Table  20.  Sioataxy  of  Recoanendations . 


Color  -  Absolute  Discriiaination 


Display 

Min. 

Mar. 

Authors 

Type 

No. 

No. 

Recommended 

Meister  & 

Slides 

5 

7 

Sullivan 

CRT 

3 

5 

Ref.  232 

Surface 

Hue 

7 

11 

Baker  t 

Spectral 

10 

If  white  is  included  no. 

Grether 

Hues 

is  raised  to  11  hues 

Ref.  12 

■ 

absolutely  discriainable 

Halsey  fc 

Spectral 

10 

17 

10  max.  for  98%  accuracy' 

Chapanis 
Ref.  369 

Hues 

Conover 

Surface 

5 

8 

8  aax.  no.  absolutely 

Kraft 

Hues 

identifiable  by  most  of 

Ref.  87 

population  with  accept¬ 
able  accuracy 

Bishop 

Spectral 

10 

10  hues  (with  white)  are 

Crook 

Hues 

likely  to  be  usable  in 

Ref.  30 

operational  situation 

Muller 

10 

Developed  equally 

et  cil. 

Ref.  250 

discriminable  alphabet 

McCormick 

Not 

8 

Adopts  Conover  6  Kraft's 

Itef.  230 

Specified 

recommend. 

Luxeidjerg 

11 

10  colors  plus  %rhite  can 

Kuehn 

be  correctly  identified 

Ref.  226 

nearly  100%  of  time 

Roth  (Ed) 

9 

Adopted  from  list  by 

Ref.  286 

Baker  &  Grether 

Gebhard 

Ref.  127 

8 

12 

Colors  not  specified 
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In  light  of  the  above,  the  recottnendations  made  by  Conover 
and  Kraft  (Ref.  87)  regarding  the  generalization  of  color 
coding  recoonnendations  to  areas  other  than  those  prescribed  in 
individual  experiments  certainly  appear  valid.  Due  to  the 
extreme  interaction  between  the  human  visual  process  and  the 
parameters  associated  with  light  and  color,  it  would  be 
impossible  to  predict  performance  with  any  degree  of  certainty 
without  direct  empirical  validation  with  the  systems  to  be 
employed  - 


ADVANTAGES  OF  COLOR  CODING 

Unlike  the  preceding  section  dealing  with  the  size  of  the 
hue  alphabet,  more  conclusive  data  have  been  found  relating  to 
the  utility  of  color  as  an  aid  in  display  information  coding. 
From  the  review  that  is  to  follow,  several  general  conclusions 
can  be  seen  to  emerge: 

1.  Color  codes  cire  best  for  location  or  attention  gaining. 

2.  Color  coding  is  less  efficacious  than  other  coding 
methods  for  identification  tasks. 

3.  Human  performance  is  improved  with  color  codes  when  the 
color  is  used  in  conjunction  with  other  coding  methods  (alpha- 
nunerics,  or  geometric  shapes), 

4.  The  use  of  color  in  coding  provides  an  additional 
dimension  for  the  presentation  of  information. 

5.  The  sensation  of  color  is  ccmnon  to  all  color^normal 
observers  and  therefore  requires  little  additional  training. 

The  following  review  has  turned  up  little  in  the  way  of 
pertinent  information  relating  to  the  effectiveness  of  various 
colors  for  coding.  Several  studies  have  examined  the  order  of 
discriminability  of  several  ccomonly  used  coding  colors. 

Snadosky  et  al.  (Ref.  318)  conducted  an  experiment  in  which 
they  determined  the  relative  order  of  absolute  discrimination  of 
a  number  of  colors.  Using  a  three  color  additive  technique, 

36  alphanumeric  symbols  were  projected  simultaneously  in  seven 
colors  (red,  green,  blue,  yellow,  magenta,  cyan,  and  white) . 

Six  male  subjects  with  20/20  normal  color  vision  were  used  in 
the  study.  Six  randomizations  of  an  alphanumeric  matrix  were 
programmed,  generated  on  a  character  tube,  and  photographed  on 
70-nn  Kalvar  film  for  a  total  of  252  symbols  eurranged  in  an 
18  X  14  matrix.  The  subjects  viewed  the  screen  from  approxi¬ 
mately  18.5  feet  away.  The  symbols  on  the  screen  had  a  height 
of  1.75  inches  (27  min  of  arc).  Ambient  illumination  falling 
on  the  screen  was  .about  0.01  ft.L.  The  color  misregistration 
ranged  from  33X  to  200%  (see  next  section  for  definition)  . 
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The  results  of  their  study  indicate  the  relative  discrici- 
nability  of  the  colors  examined  to  be  as  shown  in  Table  21  and 
response  time  as  shown  in  Figure  46. 


j 

Table  21.  Relative  Discriminabili  ty  of  Colors 'Exardned, 
(After  Snadowsky  et  al.,Ref.  318) 


Color  Used 

Relative 

Discriminability 

Red 

93.75X 

Yellow 

98.30X 

Blue 

83.305 

Magenta 

- 

(Red  +  Blue) 

95.455 

White 

- 

(Red  +  Blue  +  Green) 

98.485 

Green 

97.735 

Cyan 

- 

(Blue  +  Green) 

98.005 

The  negligible  amount  of  ambient  illumination  and  the 
relatively  high  contrast  ratios  achieved  in  this  study  would 
almost  never  be  obtained  in  operational  airborne  display  systems. 
While  it  would  be  difficult  to  generalize  these  findings,  they 
do  help  to  indicate  a  trend  that  will  develop  over  the  next  few 
studies . 

Rizy  (Ref.  278)  in  a  follow-up  study  to  the  one  p>erformed 
by  Snadowsky  et  al,  produced  somewhat  different  results.  He 
projected  a  total  of  252  symbols  arranged  in  six  different  18  by 
14  matrix  formats  onto  a  front  projection  screen  (6  ft.  x  8  ft.) 
located  a  distance  of  20  feet  from  the  projector.  Six  subjects 
were  seated  approximately  18.5  feet  from  the  screen  (individually) 
euid  viewed  the  symbols  which  were  exposed  for  15  seconds.  The 
ambient  illumination  reflected  from  the  screen  was  0.09  Ft. 
Lamberts  while  the  display  color  brightness  ranged  from  0.12 
ft.L  for  the  dimmest  blue  to  0.70  ft,  L  for  the  brightest  white 
character.  The  maximum  allowable  misregistration  was  33X  of  the 
strokewidth.  The  letter  heights  on  the  screen  were  approximately 
1.75  inch  (27  min  of  visual  angle)  which  was  well  above  the 
generally  accepted  lower  limit. 

Rizy  found  red  to  be  superior  for  color  coding,  followed 
by  yellow,  magenta,  and  white  which  were  statistically 
equivalent.  These  were  followed  respectively  by  cyan,  blue  and 
green  (see  Figure  47)  .  He  suggests  that  the  high  discriminability 
of  yellow  can  probably  be  explained  by  the  nature  of  the  response 
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of  the  human  eye  (visual  mechanism)  to  the  wavelength  character¬ 
istics  in  this  portion  of  the  color  spectrum  (see  report  section 
on  visual  acuity) .  He  found  the  relatively  low  rank  of  the 
green  harder  to  explain,  since  it  and  yellow  are  the  brightest 
appearing  colors.  Green  had  long  been  considered  an  excellent 
color  in  terms  of  visibility  and  discrim inability.  He  suggests 
that  in  this  case,  perhaps  the  green  appeared  too  bright  and 
this  led  to  color  confusion.  Again,  due  to  the  sensitivity  of 
the  eye,  the  brightness  (intensity)  of  the  green  could  be 
reduced  considerably  without  impairing  legibility. 

The  author  predicted  apriori  that  the  least  bright  of  the 
colors  %rauld  be  omitted  most  often  because  of  the  assumption 
that  the  brightest  colors  would  be  seen  more  readily  than  dimmer 
colors.  This,  however,  was  not  the  case.  Figure  48  shows  the 
almost  the  exact  opposite  was  found  in  this  study.  The  least 
bright  colors  (blue  and  red)  produced  the  fewest  omissions  while 
the  brightest  (white)  produced  the  most  omissions.  Rizy 
concludes  that  symbol  brightness  alore  is  not  as  effective  in 
attracting  attention  as  differences  ii‘  both  brightness  and  hue. 

Finally,  the  results  indicated  that  blue,  although  omitted 
the  least,  was  most  often  misidentif ied.  The  white  and  yellow 
symbols  were  least  often  misidentif ied.  He  concluded  that  this 
was  a 'good  measure  of  the  code  legibility  and  is  directly 
dependent  upon  the  brightness  of, the  symbol  color. 
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Figure  48.  Number  of  Omissions  as  a  Function  of  Color. 

(After  Rizy,  Ref.  278) 


121 


These  two  studies  show  seme  correlation  in  the  results  and 
some  deviations.  It  must  be  remembered,  however,  that  they 
were  both  conducted  under  low— light  level  conditions  and  the 
results  of  both  could  be  expected  to  vary  considerably  with 
substantial  increases  in  the  illumination  level.  Solid  research 
in  this  area  is  required  prior  to  the  drawing  of  any  conclusions 
or  recommendations.  Some  of  the  following  studies  indirectly 
deal  with  this  problem. 

Eriksen  (Ref.  116)  conducted  an  experiment  to  determine  the 
speed  with  which  various  objects  could  be  located  on  a  visual 
display  under  the  following  conditions: 

1.  When  various  classes  of  objects  on  the  display  differed 
fron  one  another  on  only  one  of  four  visual  dimensions  of  hue, 
brightness,  size  and  form. 

2 .  When  the  classes  of  ob jects  varied  from  one  another  on 
two  or  three  of  these  dimensions  (Table  22) . 

Table  22.  Visual  Dimension  Variations  Used  in  Experiment. 

(After  Eriksen,  Ref.  116) 


The  Seven  Classes  of  Objects  Used 
Within  the  Four  Dimensions. 


Visual 

Dimension 

Variation 

Dimensions 

Hue* 

Form 

Bright¬ 

ness* 

Size 

(In.) 

Target 

R  5/6 

Circles 

N 

1/ 

4/8 

2 

YR  5/6 

Hexagons 

N 

7/ 

5/8 

3 

Y  5/6 

Diamonds 

N 

6/ 

6/8 

a 

GY  5/6 

Triangles 

N 

5/ 

7/8 

5 

G  5/6 

Crosses 

N 

4/ 

8/8 

6 

BG  5/6 

Stars 

N 

3/' 

9/8 

7 

B  5/6 

Squares 

N 

1 

10/8 

*  Munsell  notation. 
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A  total  of  60  subjects  viewed  the  3  foot  square  display 
screen  (viewing  distance  not  specified)  which  was  perpendicular 
to  the  subject's  line  of  sight.  Illumination  levels  were  not 
specified. 

The  results  (Taible  23)  show  that  the  location  times  obtained 
by  compounding  the  dimensions  failed  to  show  any  consistent 
advantage  over  the  single  dimensionsal  location  times.  Hue-Form 
is  the  only  case  where  a  compound  dimension  gives  a  slightly 
faster  location  time  than  the  best  of  the  single  dimension 
location  times.  All  other  combinations  give  a  slightly  slower 
time  than  the  individual  dimensions.  Color  was  the  fastest  of 
the  single  dimensions,  however,  this  time  was  improved  slightly 
when  combined  with  form. 


Table  23.  Mean  Scores  for  the  4  Single  and  10  Compound 
Dimensions. (Eriksen,  Ref.  116) 


Single 

Dimensions 

Obtained 

Mean 

Compounded 

Dimensions 

Obtained 

Mean 

Hue  (H) 

.678 

KF 

.652 

Form  (F) 

.753 

HB 

.754 

Brightness  (B) 

.919 

HS 

.772 

Saturation  (S) 

.942 

FB 

.772 

BS 

.928 

FS 

.929 

HFB 

.706 

KFS 

.766 

HSB 

.776 

FBS 

.909 

♦The  means  are  the 

mean  of  the 

logarithms  of 

location  time 

in  seconds . 


Cohen  and  Senders  (Ref.  81)  conducted  an  experiment  to 
determine  if  shape  or  color  coding  was  more  efficient  in 
reducing  search  time  and  errors  in  locating  dials  on  visual 
displays.  Twenty-nine  subjects  viewed  banks  of  black  dials 
with  white  pointers  on  white  backgrounds.  Each  dial  was  1.75 
inches  in  diameter  and  the  pointer  was  7/8  inch  long  and  each 
was  clearly  labeled  (0.5  in.  high).  A  0.5  inch  ring  around  each 
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dial  was  used  for  color  or  shape  coding  of  the  dial.  The  panels 
of  dials  were  exposed  for  0.4  second  (Illumination  level  and 
viewing  distance  not  specified) . 

The  results  shown  in  Figure  49  indicate  that  the  color  code 
was  more  efficacious  for  locating  the  dials  after  the  initial 
learning  period  (first  8  trials) .  After  five  days  of  testing, 
one  day  of  non- testing  was  allowed.  The  sixth  day  of  testing 
reveals  a  sharp  increase  in  response  time,  with  the  smallest 
increase  appearing  in  the  color  coded  group.  Relearning  was 
also  fastest  with  the  color  coded  group.  The  authors  conclude 
that  color  coding  is  feasible  as  a  means  of  decreasing  locating 
time  in  visual  displays. 

Green  and  Anderson  (Ref.  147)  conducted  a  study  to  examine 
luminous  color  as  a  partial  rediuidant  search  code  with  color- 
coded  alphabet  sizes  of  two,  three,  and  four  colors.  Twenty 
observers  viewed  a  display  containing  two-digit  numbers  (in  the 
range  from  10  to  69)  arranged  in  a  random  order  in  a  matrix  of 
10  rows  and  6  colums.  The  numerals  were  projected  onto  a  screen 
located  10  feet  from  the  observers.  The  projected  matrix  was 
16  3/4  by  12  inches  while  the  numerals  were  1  1/8  by  5/8  inch. 

The  numbers  were  either  green  , (Munsell  5.0GY/6/6)  or  red  (Munsell 
2.5  YR/6/10) ,  and  were  presented  on  a  black  background.  Three 


Number  of  Days 


Figure  49.  Mean  Exposure  Time  Required  by  Each  Group  as  a 
Function  of  the  Number  of  Days.  The  Mean  for  the  First  Half  and 
the  Last  Half  of  Day  6  Trials  are  Recorded  Separately. 

(After  Cohen  and  Senders,  Ref.  81) 
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experimental  conditions  were  used.  In  the  'Set*  condition,  the 
display  contained  60  numbers,  of  which  0,  10,  20,  30,  40,  50,  or 
60  were  red  and  the  remainder  were  green.  No  number  appeared 
more  than  once  in  any  display  so  that  color  was  not  essential  to 
the  search  task.  In  the  control  condition,  the  display  had  10, 
20,  30,  40,  50  or  60  numbers  of  one  color  (either  red  or  green) 
while  the  remaining  positions  in  the  matrix  were  blank. 

The  results  indicated  that  when  the  subject  knows  the 
target's  color,  search  time  is  mainly  a  function  of  the  number 
of  symbols  with  the  same  color  as  the  target  (Figure  50)  . 

Search  times  are  somewhat  longer  with  multicolored  displays  than 
with  single  colored  displays  with  similar  densities.  They 
interpreted  these  results  i*n  tersMt  of  Eriksen's  hypothesis  of 
display  hetrogeneity  (even  though  the  number  of  stimulus 
categories  of  a  partially  redundant  code  and  not  the  number  of 
dimensions  of  a  totally  redundant  code  was  the  variable  in 
question) .  Additionally,  since  the  number  of  color  categories 
was  conf ounded  \with  display  density  in  this  experiment,  these 
e;ffects  could  possibly  be  the  result  of  either  increments  in 
total  clutter  or  increments  in  code  size. 
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Figure  50.  Search  Time  as  a  Function  of  the  Number  of  Symbols 
WLih.  Target's  Color.  Each  Point  is  the  Geometric  Mean  of 
80  Measurements.  (After  Green  and  Anderson,  Ref.  147) 


Anderson  and  Fitts  (Ref.  9)  conducted  an  experiment  to 
determine  how  much  information  a  subject  could  report  after  a 
tachistoscopic  presentation  of  symbols.  The  variables  used 
were  the  information  content  of  the  symbols  cuid  the  method  of 
inforxr-ation  coding.  Alphabets  of  nine  symbols  each  were 
constructed  of  colored  patches,  black  numerals  on  white  back¬ 
grounds,  and  nine  numerals  on  colored  backgrounds.  The  colors 
used  were;  red,  orange,  yellow,  blue,  green,  violet,  flesh, 
pink  and  indigo.  With  the  first  two  alphabets,  four  message 
lengths  were  used:  3,  4,  5,  and  6  symbols  respectively.  The 
information  content  varied  from  9.51  to  19.02  bits  per  message. 

In  tho , colored-numeric  alphabet  the  messages  were  held  to  three 
s'Tnbois,  with  information  varying  from  6.34  to  19.02  bits  per 
message.  The  symbols  were  exposed  for  0.1  second  to  12  subjects 
sitting  10  to  12  feet  from  the  sqreen.  There  was  an  alerting 
signhl  three  seconds  prior  to  exposure  of  the  stimulus.  Subjects 
reported  first  the  color  symbol  than  tbe  number. 

The  results  indicated  tliat  performance  with  color-numeric 
alphabet  was  greatly  superior  to  performance  with  either  color 
or  shaE>e  alone  (see  Figure  51) .  The  average  amount  of  information 
transmitted  with  three  color-numeric  symbols  was  16.97  bits  which 
was  significantly  greater  them  the  amount . transmitted  with  six 
numerals  alone  (14.30)  and  the  six  color  patches  alone  (7.69 
bits) .  Performance  with  colors  was  better  for  messages  containing 
only  four  symbols  than  for  longer  messages  (see  Table  24) . 
Performance  with  numbers  was  slightly  better  with  five  symbols 
than  with  six  symbols. 

The  results  ;f  a  second  similar  experiment  with  two  new 
subjects  tended  to  confirm  the  findings  of  the  first  experiment. 
The  use  of  color-numeric  symbols  led  to  significantly  better 
performance  than  did  colors  or  numbers  alone. 

Alluisi  and  Muller  (Ref.  5)  examined  verbal  md  motor 
responses  to  several  types  of  des  (color,  nume. _c  and 
inclination) ,  which  were  presented  for  short  periods  of  time 
(0.5  sec.).  ■  Their  results  indicated  that  performance  with  the 
numeral  codes  was  superior  in  IxJth  types  of  response.  Accuracy 
and  speed  both  were  better  with  numerics,  while  colors  evoked 
the  slowest  response  and  produced  the  most  errors.  A  conbined 
accuracy- speed  measure  reflected  a  task-by-code  interaction  in 
which  verbal  responses  were  slightly  better  (in  bits/sec)  than 
motor  responses  for  numeral  codes,  about  the  same  for 
inclination  codes  and  definitely  poorer  for  color  codes. 

Conover  and  Kraft  (Ref.  87)  conducted  an  experiment 
ccanpeiring  color  with  shape  coding.  They  concluded  that  the 
maximum  average  information  transmission  rate  for  color  was 
10.44  bits  per  exposure  as  compared  with  14.94  bits  per  exposure 
with  numerals  while  a  combination  of  color  and  numerals  yielded 
18.6  bits  per  exposure. 


126 


Table  24 


.  Average  Information  Gained  (in  Bits)  for  Color 
Alphabet  and  for  Numeric  Alphabet. 

(After  Anderson  and  Fitts,  Ref.  9) 


Humber  of 
Symbols 

Symbol 

Position 

(Left 

to  Right) 

Me  as . 

Per 

Per 

Measure 

1 

2 

3 

4 

5 

6 

Symbol 

Numerals 


3 

3.15 

3.14 

3.14 

3.14 

4 

3.15 

3.15 

3-14 

3.15 

3.15 

5 

3.12 

3.08 

3.05 

2.71 

2.81 

2.95 

6 

2.83 

2.92 

2.84 

2.16 

1.65 

1.92 

2.69 

Colors 

3 

3.02 

2.91 

2.82 

2.91 

4 

2.84 

2.61 

2.30 

2.27 

2.50 

5 

2.29 

2.04 

1.68 

1.10 

0-90 

1.60 

6 

2.04 

1.89 

1.44 

1.11 

0.59 

0.52 

1.28 

T 
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Figure  51.  Mean  Total  Information  Gained  Per  Message. 
(After  Anderson  and  Pitts,  Ref.  9) 


It  was  conclvided  that  the  maximm  nimbex  of  hues  that 
could  be  used  for  color  coding  ranges  from  five  to  eight. 
Electronically  generated  color  codes  using  short  persistence 
phosphors  (not  specified)  permitted  only  four  absolutely 
discernable  hues.  The  precise  number  is  a  function  of  the 
viewing  conditions  and  the  percentage  of  the  population  that 
must  read  the  code. 

Hitt  (Ref.  167)  made  a  study  to  ascertain  the  relative 
effectiveness  of  selected  abstract  coding  methods,  based  on 
their  effects  on  vcurious  operator  basics.  The  five  codes  shown 
in  Figure  52  were  selected  and  the  number  of  code  levels  were 
varied  over  two,  four,  and  eight  levels.  Target  density  was 
also  varied  over  40,  80,  and  120  symbols  per  display.  Five 
different  operator  tasks  thought  to  be  basic  to  visual  display 
reading  (identifying,  locating,  ccnparing,  crounting,  and 
verifying)  were  used.  The  sym^ls,  1/2  inch  for  the  longest 
dimension,  were  mounted  in  eight  columns  and  five  rows  on  30  x 
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Figure  52.  Tbe  Five  Code  Categories  Ccapared  by  Hitt.  (Ref.  167) 
*Ilo  atteapt  was  aiade  to  hold  saturation  and  brightness  constant. 


22  inch  posters.  For  e<ich  of  the  five  code  types,  nine  display 
posters  were  aade  (one  code  z  three  densities  z  t^ee  code 
levels) .  After  initial  training  to  learn  aeanings  associated 
with  each  syabol  level,  the  five  subjects  coapleted  the  trials 
for  the  225  experisiental  conditdions  at  a  rate  of  15  conditions 
per  session  for  15  sessions.  The  entire  procedure  was  repeated 
with  anothcur  set  of  5  subjects  for  (;rross‘-validation  resulting 
in  a  correlation  of  t  .97. 

Table  25  indicates  that  for  location,  color  coding  was 
best.  For  identification  taslcs,  however,  nuaeral  codes  were 
superior  with  color  coding  ranking  fourth. 

As  might  be  expected,  increases  in  both  number  of  code 
levels  and  in  target  density  degrades  operator  performance.  The 
author  suggests  that  numeral  coding,  or  even  one  of  the  other 
coding  methods,  was  siq>erior  to  color  coding  if  more  than  nine 
or  ten  code  levels  were  desired. 

Primisel  (Ref.  273)  made  a  further  investigation  into  the 
amount  and  nature  of  the  non-target  objects  with  both  partially 
and  fully  redundant  codes.  Targets  were  identified  by  hue-form 
combinations  amidst  varying  levels  of  competing  and  non- 
coaq>eting  clutter.  (Coaqpeting  clutter  was  of  same  hue  or  shape 
as  the  target)  .  His  findings  confirmed  the  findings  of  Green 
and  Anderson  (Ref.  147)  and  Smith  (Ref.  315).  More  interesting 
is  the  ijq>lication  in  his  findings  that  there  is  a  search-task 
difference  governed  by  an  interaction  of  the  of 

cc^>eting  non- targets  with  the  kinds  of  non-targets.  He  found 
that  with  small  numbers  of  non-targets  that  caaq>eted  in  shape 
or  hue,  search  area  seemed  to  be  determined  by  both  dimensions 
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Table  25.  Rank  Order  of  Code  Categories  as  a  Function 
of  Type  of  Task. (After  Kitt,  Ref-  167) 


Tasks 

First 

Second 

Third 

Fourth 

Fifth 

Identify 

Locate 

Count 

Compcire 

Verify 

Numeral 

13.64 

Letter 

13.02 

Shape 

12.53 

Color 

12.34 

Configuration 

11.77 

Color 

8.46 

Numeral 

7.42 

Letter 

7.25 

Shape 

6.94 

Configuration 

4.03 

Conf iguration 

7.07 

Configuration 

4.76 

Conf igura  tion 

6.60 

Numeral 

12.60 

Color 

12.22 

Shape 

11.49 

Letter 

11-11 

Numeral 

6.85 

Color 

6.72 

Shape 

6.56 

Letter 

6.33 

Numeral 

10.01 

Color 

9.95 

Shape 

9.50 

Letter 

9.05 

Note; 

(1)  Scores  reported  in  terms  of  mean  correct  response 
per  minute. 

(2)  Code  categories  connected  by  line  are  not 
significantly  different  at  p  =  0  05. 


but  that  with  large  numbers  of  competing  non-targets  the  subject's 
search  area  seemed  to  be  determined  by  only  one  of  these. 

Conover  and  Kraft  (Ref.  87)  state  that  colors  produced  by 
very  small  sources  (saturated  spectral  hues  or  surface  colors) 
will  appear  different  to  color  normal  observers  if  the  size  of 
the  color  patch  is  less  than  20  minutes  of  visual  angle.  This 
small  size,  when  directly  fixated,  will  result  in  the  observer's 
confusing  blues  with  blue-greens,  mauves  and  gray-greens  with 
greens,  and  purples  with  yellows  and  bro%ras.  (For  further 
explanation  of  this  matter,  see  section  on  Color  Abberation) . 

S.  L.  Smith  (Ref.  315)  conducted  a  study  based  on  the 
premise  of  Green  and  Anderson  (Ref.  147}  that  visual  securch  time 
is  a  fundamental  measure  of  the  potential  value  of  display 
color  coding,  but  expanded  it  to  include  a  greater  range  of 
display  densities,  more  displayed  colors,  both  light  and  dark 
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display  backgrounds  and  different  methods  of  display  presen¬ 
tation.  Eleven  men  and  one  woman  with  normal  color  vision  made 
a  total  of  300  visual  searches  on  various  display  backgrounds. 
The  displays  consisted  of  varying  cooibinations  of  three  digit 
numbers  randomly  placed  in  a  square  field  12  x  12  inches  and 
viewed  at  a  distance  of  18  inches.  The  displays  were  oiade  up  as 
2x2  color  slides  and  rear-projected  producing  symbols  on  the 
screen  of  1/3-inch  high  by  1/6  inch  wide.  The  colors  used  are 
listed  in  Table  26.  Ambient  illumination  was  over  one-half  foot 
candle.  The  experimenter  indicated  the  target  digit  and  color 
(or  noted  that  color  was  “unknown")  on  a  separate  display  and 
then  exposed  the  slide.  The  subject  searched  for  the  target  and 
when  found  it  pressed  one  of  10  buttons  corresponding  to  the 
third  digit  in  the  series. 


Table  26.  Colors  Used  by  Smith.  (Ref.  315) 


Display  Color 

White  Background 
(Munsell  Notation) 

Black  Background 
(Munsell  Notation) 

Red 

2.5  R  5/10 

5  R  5/12 

Green 

7.5  GY  8/8 

5  GY  7/8 

Blue 

2.5  PB  6/8 

2.5  PB  6/8 

Orange 

2.5  YR  7/10 

2.5  YR  7/10 

Black/White 

7.5  P  3/4 

N  9/0 

Neither  the  particular  color  of  the  target  number,  nor 
whether  the  display  had  a  dark  or  light  background,  nor*  the 
interaction  of  these  factors  had  a^signif icant  effect  on  visual 
search  time.  Othet  conditions  being  comparable,  average  search 
time  increased  steadily  with  increasing  display  density. 

(Figure  51).  On  the  multi-colored  displays,  when  the  color  of 
the  target  number  was  known  in  advance,  average  search  time  was 
considerably  shorter  than  when  the  target  color  was  unlcnown. 

When  the  color  of  the  target  number  was  unknown,  a  comparison 
of  search  time  on  single-colored  versus  multi-colored  displays 
showed  no  significant  difference  (Figure  53-a) . 

The  authors  apparently  found  no  evidence  of  field  hetero¬ 
geneity  effects  on  search  time  under  non-set  conditions  (color 
unknown) .  With  a  color-set  condition,  he  did  find  a  slight 
effect  attributable  to  wrong-colored  items. 

Jones  (Pef.  186)  remarks  that  one  thing  is  apparent  from 
both  of  the  above  studies:  that  search  time  is  decreased  by  the 
concomitant  use  of  a  partially  redundant  color  code  as  a  code 
set.  Furthermore,  the  decrease  is  proportional  to  the  number  of 
colors  used  with  a  given  level  of  density. 
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Figure  53 .  Search  Time  as  a  Function  of  Display  Density 
and  Target  Identity.  (After  Smith,  Ref.  315} 
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Smith  and  Thomas  (Ref.  317)  attempted  to  measure  systemat¬ 
ically  the  apparent  superiority  of  display  color  coding  by 
comparing  it  with  various  shape  codes  in  the  context  of  a 
relatively  simple  operator  task,  that  of  counting  a  particular 
class  of  displayed  items.  Forty-five  slides  were  used,  each 
containing  20,  60,  or  100  symbols  (bright  colored  figures  on  a 
dark  background)  to  produce  a  29-inch  square  display  field 
viewed  by  eight  subjects  seated  approximately  five  feet  from 
the  screen  (see  Figure  54)  .  Ambient  illumination  was  about  two 
foot-candles.  Some  displays  were  multi-colored  (each  symbol 
could  appear  in  any  of  five  colors)  while  in  other  displays  all 
symbols  were  of  the  same  color.  Subjects  counted  each  of  these 
displays  10  times,  once  for  every  shape  and  once  for  every 
color. 

A  second  set  of  15  100-item  slides  were  used  to  cixamine  the 
effectiveness  of  shape-coding  while  color  did  not  vary.  A  third 
set  of  five  multi-colored  displays,  on  which  one  military  symbol 
appeared  100  times,  represented  in  all  the  various  colors,  was 
used  to  study  the  effects  of  color  on  shape  counting. 

Inspection  of  Figure  55  indicates  that  colors  were  counted 
about  twice  as  fast  as  the  best  set  of  symbols  and  threcf  times 
as  fast  as  the  poorest  symbols  code.  Fewer  errors  were  made  with 
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Figure  54.  Colors  and  Symbols  Used  by  Smith  et  al.  (Ref.  317) 
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Number  of  Displayed  Items 


Figure  55.  Average  Coiuting  Time  for  Color  Coding  and 
Three  Shape  Codes  as  a  Function  of  Display  Density. 
(After^  Smith  and  Thomas,  Ref.  317) 


color  counting  than  %d.th  shape  counting  and  fewer  errors  were 
made  at  low  display  de^ities  than  at  high  densities.  Statisti¬ 
cally  reliable  differences  in  counting  time  were  confirmed 
(p  <  .001)  attributable  to  display  density,  the  particular  shape 
code  displayed,  the  code  used  for  counting  (shape  or  color)  and 
all  interactions  of  these  variables.  There  was  no  noticable 
effect  on  color  counting  attributable  to  the  shape  code  on  which 

color  was  superinrosed.  However,  a  statistitrally  reliable 
difference  (p  <.  .01)  was  attribucable  to  various  shapes  in  shape 
counting.  Additionally,  there  was  apparent  improvement  in  speed 
and  accuracy  of  shape  counting  when  variable  color  was  eliminated 
from  the  display.  The  average  counting  time  for  the  military 
S3^inbols  and  for  the  geometric  symbols  was  coiiq>arable  with  a 
slight  advantage  to  military  symbols.  Counting  time  for  aircraft 
shapes  was  substantially  higher  than  for  military  symbols  or 
geometric  forms ,  respectively . 


It  is  evident  that  the  application  of  color  as  a  coding 
dimension  enhances  performance  in  visual  search  tasks.  Combining 
the  color  code  with  other  forms  of  coding  (alphanumerics  and  shape 
coding)  also  aids  in  performance  up  to  a  point.  The  added 
dimensionality  of  color  also  increases  the  information  rate  that 
can  be  presented  in  a  given  display.  These  favorable  results. 
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however,  are  tempered  by  the  fact  that  most  of  these  results 
were  obtained  under  low  and  steady  light  levels.  The  effects 
of  rapidly  changing  illumination  has  not  been  explored. 
Additionally,  the  effects  of  high  ambient  illumination  upon 
color  coding  requires  examination. 

A  final  significant  factor  is  the  fact  that  none  of  the 
studies  examined  addressed  the  problem  of  color  coding  on 
colored  CRT  type  displays.  The  interaction  effect  of  electronic 
display  phosphors  (for  colored  displays)  and  changing  illumination 
conditions  may  produce  significantly  different  results-  This 
area  will  require  careful  examination. 

DISADVANTAGES  OF  COLOR  CODING 

Conover  and  Kraft  (Ref.  87)  reviewed  some  of  the  problems 
associated  with  color  -coding  and  compiled  the  following  list  of 
general  disadvantages  associated  with  color: 

1.  The  average  color-normal  person  can  discriminate  only 
about  nine  hues  of  surface  color  on  an  absolute  basis  under 
ideal  conditions,  and  even  fewer  under  adverse  conditions. 

2.  Some  people  are  color-defective;  eibout  8%  of  all  males 
and  0.4X  of  all  females. 

3.  Color  discrimination  is  seriously  degraded  when  surface 
colors  are  viewed  under  highly  chromatic  light  sources. 

4 .  Even  with  recent  improvement  of  colored  phosphors  for 
use  on  CRT  type  displays,  the  presentation  of  satisfactory 
colored  symbols  by  electronic  means  in  video  displays  still 
presents  technical  problems . 

5.  Character  and  stability  of  the  display  environment  is 
difficult  to  create  and  control.  Color  judgements  are  influenced 
by  many  aspects  of  the  surrounding  conditions.  Homogenity  of 
baclcground,  color  and  intensity  of  adjacent  areas,  differences 
between  expected  and  actual  conditions  of  illumination,  perceived 
location  of  color  relative  to  its  surround,  and  the  visual 
iiqpressions  that  colors  are  abstract  or  attached  to  an  object 
are  examples  of  these  factors . 

6.  All  color  coding  methods  present  practical  problems  in 
maintenance.  Surface  colors  have  a  tendency  to  fade  with  age. 
Signal  lenses  may  crac)(  or  become  obscured  by  dirt.  Electron¬ 
ically  generated  color  symbols  are  subject  to  distortion  and 
(color)  noise  bursts  and  to  effects  of  aging  phosphors. 

7.  Signals  or  color  patches  of  small  dimensions,  20  minutes 
or  less  in  visual  angle,  cause  normal  subjects  tp  show  certain 
characteristics  of  anomalous  color  vision.  Color  codes 
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recommended  for  two  degrees  or  larger  do  not  apply  to  20  minutes 
or  smaller  sources  of  light. 

In  addition  to  these  general  limitations,  a  number  of 
specific  disadvantages  have  been  imcovered  in  the  literature. 
Snadowsky  et  al.  (Ref.  318)  for  example,  disciissed  the  problem 
of  misregistration  of  color  on  symbology.  He  defined  registra¬ 
tion  as  the  superimposition  of  a  homomorphic  image  to  form  a 
composite  single  image.  Misregistration,  then,  is  the  degree 
or  percent  of  misalignment  of  these  images  and  is  defined  as: 

MIS  REG  I  STRATI  (M*  =  **  ~  X  100% 

where  M  =  the  strokewidth  of  the  misregisterid  image  and 
S  =  the  s'v>bltewidth  of  the  perfectly  registered 

mixture  'dbaracter  and  the  unregistered  primary 
color ■ character . 

By  this  definition,  then,  an  image  with  0%  misregistration 
is  completely  aligned  while  an  image  with  100%  misregistration 
represents  two  distinct  images  precisely  adjacent  to  each  other. 
Based  on  the  results  of  his  experimentation,  he  recommended  that 
misregistration  cannot  exceed  33%  under  operational  conditions 
without  loss  of  performance.  Fifty  plus  percent  misregistration 
results  in  serious  performance  loss.  This  recommendation 
required  validation,  however,  since  it  applies  (»ly  to  normal 
operating  conditions  and  not  to  adverse  operating  conditions. 
Combined  with  the  other  variables  found  in  a  "worse  case"  view¬ 
ing  situation,  the  misregistration  tolerance  Biay  be  found  to  be 
considerably  lower  than  33%. 

Another  specific  disadvantage  with  the  use  of  color  is  the 
problem  of  chromatic  aberration.  (Chromatic  aberration  is 
discussed  in  more  detail  in  Section  III.)  Back  in  1949,  Duke- 
Elder  (Ref.  108)  discussed  the  fact  that  the  eye  functions  in 
some  respects  similar  to  a  prism  in  that  both  refract  light.  In 
both  the  lens  and  the  prism,  shorter  wavelength  light  is  bent  to 
a  jreater  extent  than  longer  wavelength  light.  This  degree  of 
r  iction  (or  bending)  is  related  in  inverse  proportion  to  the 
w.w<'length.  Myers  (Ref.  253)  suggests  that  because  of  this 
characteristic,  only  cme  wavelength  Ccui  be  focused  on  the  retina 
at  a  time.  For  exeunple,  when  yellow-green  rays  are  focused  on 
the  retina,  blue  and  red  rays  should  be  both  equally  unclear  with 
their  focal  points  falling  to  the  front  and  the  rear  of  the 
focal  plane,  respectively.  This  effect  is  referred  to  by  Duke- 
Elder  as  "Chromatic  Aberration". 

Jones  (Ref.  186)  notes  that  the  problem  of  chromatic 
aberration  is  of  critical  concern  because  of  its  effect  on 
visual  acuity.  She  suggests  that  cither  the  use  of  a  small 
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colored  stimuli  or  moderately  sized  stimuli  viewed  at  a  distance 
would  be  inadviscible  for  reliable  color  cocling . 

Mitchell  and  Mitchell  (Ref.  242)  have  referred  to  this 
aberration  effect  as  "Chromatic  Myopia".  In  their  study  it  was 
found  that  iinder  “blue  light,  distant  objects  (6  feet  or  more)  ^ 
are  imaged  in  front  of  the  retina  and  the  normal  emmetropic  eye' 
is  not  able  to  adjust  to  the  differences,  since  it's  accranmo- 
dative  power  is  already  at  it's  maximum. 

In  a  study  to  more  clearly  define  this  problem,  Myers  (Ref. 
253)  conducted  a  study  to  ascertain  possible  adverse  accommodation 
effects  which  might  result  in  the  loss  of  visual  acuity  in  color 
coding.  Five  males,  ages  21  to  32,  served  as  stibjects,  each 
having  20/20  vision  and  normal  color  vision.  Two  35  mm  slide 
projectors  were  used;  one  to  project  the  Landolt  C-ring  image 
(see  figure' 56)  (either  red  or  blue)  and  the  second  to  project 
the  color^  (red  and  blue)  area  surrounding  the  rings.  Eight 
different  size  C-rings  were  used  for  each  subject  for  each  color 
combination.  (See  Table  27)  - 

The  response  unit  consisted  of  four  pushbuttons  in  positions 
corresponding  to  the  C-ring  opening  positions  (3,  6,  9,  12 
o'clock).  The  S  determined  the  location  of  the  opening  and 
depressed  the  appropriate  button.  A  total  of  140  presentations 
were  prese  ted  for  each  stimulus -surround  color  combination. 
Subjects  sat  in  a  chair  in  a  darkened  room  with  their  chins  in  a 
rest  28  inches  frcmi  the  screen.  The  image  was  exposed  for  0.75 
second  and  the  subjects  were  instructed  to  "guess"  even  if  they 
were  ngt  sure  of  the  location. 

The  results  supported  the  general  hypothesis  that  the  red 
stimulus  condition  would  result  in  better  performance  than  the 
blue  stimulus .  The  order  of  performance  resulted  in  the  R/R 
(red  stimulus/red  backgroimd)  condition  having  the  smallest 
aperture  size  threshold,  followed  by  the  B/B  (blue  stimulus/blue 
background)  and  R/B  (red  stimulus/blue  background),  respectively. 


Figure  56.  The  Standard  Landolt  "C"  Ring, 
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Table  27.  Sizes  of  C-Ring  Apertures  in  Inches 
and  in  Min.  of  Arc  and  Seconds  of  Visual  Angle. 
(Myers,  Ref-  253) 


Size  on  Size  Projected  on  Visual  Angle 

Slide  Screen  at  70  Inches  at 

(Inches)  (Inches)  28  Inches. 


1. 

.0019 

.0131 

1*, 

37" 

or 

1.6?’ 

2- 

.0023 

.0158 

1', 

56" 

or 

1.93' 

3. 

.0027 

-0186 

2*, 

16" 

or 

2.27’ 

4. 

.0031 

-0210 

2’, 

35" 

or 

2.58’ 

5. 

.0035 

-0236 

2', 

54" 

or 

2.90’ 

6. 

.0039 

.0263 

3', 

14" 

or 

3.23* 

7. 

.0043 

.0290 

3*, 

33" 

or 

3.55’ 

8. 

.0046 

.0316 

3*, 

54- 

or 

3.90’ 

(See  Table  28) .  The  average  percent  of  correct  reponse  for 
each  of  the  four  conditions  were: 

Table  28.  Sumnary  of  Results* 

(After  Myers,  Ref.  253) 

80. IX  Red  Stixoulus/Red  Background 

73. 5X  Blue  Stimulus/Blue  Background 

60. 5X  Red  Stimulus/Blue  Background 

50. 4X  Blue  Stimulus/Red  Backgroun 


Figure  57  indicates  a  general  decronent  in  performance  with 
the  blue  stimulus  for  the  range  of  aperture  sizes  used.  On  the 
other  hand,  the  fact  that  the  threshold  for  both  red  stimulus 
conditions  was  higher  than  those  for  the  blue  stimulus  conditions 
indicates  that  the  size  factor  was  consequential  in  determining 
overall  color  difference. 

Myers  concluded  that  tt»e  "critical"  size  to  which  color  may 
be  applied  to  a  visual  display  varies  with  the  particular 
sitiiation  and  with  the  colors  employed.  The  results  of  his  study 
do  not  appear  to  support  Conover  and  Kraft's  recommendation  of  a 
general  20  degree  visual  angle  cut-off  point.  In  fact,  Myers 
concluded  that  in  must  applications,  the  small  differences  in 
visual  acuity  resulting  from  accommodation  differences  with 
various  color  combinations  would  not  be  a  serious  impediment  to 


138 


the  use  of  color.  Blue  would  be  the  exception,  since  the  eye 
focuses  this  color  myoptically.  In  any  case,  the  loss  of  visual 
acuity  was  only  critical  with  small  degrees  at  a  visual  angle  of 
less  than  four  minutes. 


CCNCLOSICaiS  AND  RECOMMENDATIONS 


With  the  already  present  partially  redundant  coding 
diioensions  present  on  most  displays  (position  coding,  size 
coding,  shape  coding,  etc.),  one  must  seriously  question  the 
need  for  the  addition  of  color  coding  to  airborne  displays.  The 
advantages  derived  from  its  use  would  have  to  be  greater  than 
the  current  literature  indicates.  The  demonstrated  utility  of 
color  codes  is  maximal  in  large,'  complex,  cluttered  and 
unstructured  displays.  The  opposite  is  true  of  most  airborne 
displays;  simplicity,  compactness  and  well-defined  structure 
are  basic  factors  in  their  design. 

It  is  admitted  that  the  addition  of  color  to  airborne  dis¬ 
plays  may  serve  to  improve  pilot  acceptance  factors,  but  the 
cost  of  so  doing  is  great.  Careful  research  is  needed  to  relate 
color-coding  in  electrcmic  flight  displays  to  the  many  human 
performcuice  variables  and  environmental  variables  in  realistic 
operational  type  tasks.  Any  such  research  should  take  into 
consideration  the  many  environmental  factors  associated  with 
airborne  electronic  displays:  ambient  illumination  levels, 
vibration,  the  interaction  effect  of  other  light  emitting 
sources  within  the  cockpit,  the  various  stress  levels  the  pilots 
situationally  experience,  and  many  more.  In  the  case  of  head-up 
displays,  the  added  factors  of  buzzing,  real-world  backgrounds 
are  added  to  the  list.  All  of  these  factors  require  careful 
examination  with  respect  to  the  use  of  color  coding. 

One  starting  point  from  which  to  make  the  above  decision 
is  to  establish  the  performance  requirements  of  the  display 
observer.  What  is  it  exactly  that  the  observer  must  do  and  what 
information  is  required  for  him  to  acc(mq>lish  this  task?  When 
information  requirements  have  been  established,  the  optimum 
presentaticm  formats  for  the  information  can  be  addressed.  The 
format  examination  should  include  the  efficiency  of  the 
dimension  (in  terms  of  human  as  well  as  equipment  performance 
and  reliability) ,  the  reliability  of  the  dimension  (performance 
iinder  normal  as  well  as  adverse  viewing  conditions)  and  the  cost 
of  the  dimension  (in  terms  of  research  required,  training  and 
equipment) . 

When  the  above  evaluation  has  been  completed  and  color 
coding  of  the  information  appears  to  be  warranted,  the  literature 
provides  an  indication  as  to  tfhich  colors  would  be  likely 
candidates  for  further  evaluation.  Hues  in  the  yellow-green 
and  red  range  of  the  color  spectrum  appear  to  offer  the  most 
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proauLse.  However,  evaluation  .under  the  proposed  operating 
conditions  is  Mandatory.  No  data, for  example,  have  been  found 
in!  the  literature  addressing  color  discrimination  under  high 
ambient  Illumination  conditions  (over  1,000  ft.  Lamberts) .  (How¬ 
ever,  reports  have  been  made  of  colored  aeronautical  chart 
symbols  'disappearing*  under  daylight  flight  conditions  because 
the  colors  were  'washed-out*  -  ErDcsen,  Ref.  371) . 

I 

Represcintative  design  variables  that  should  be  examined  in 
the  evaluation  of  different  hues  for  use  on  electronically 
generated  displays  would  Include: 

High  Intensity  Ambient  Illumination  -  Hhat  effect  does  high 
Intensity  amblrat  llltmd.natlon  (1,000  to  8,000  plus  ft.  Lamberts) 
have  on  color  discrimination?  What  hues  are  equally  discrimi- 
nable  under  these  viewing  conditions  and  what  are  the  effects  of 
different  observer  visual  (locating.  Identifying,  etc.)  and  n!otor 
tasks  (tracking,  adjusting)  on  discrimination? 

Chromatic  Visual  Environment  -  How  do  changes  in  the  visual 
environment  chromiclty  affect  color  discrimination  (i.e.,  viewing 
under  sun-tq>  or  sun-down  conditions)?  What  is  th  laximum  size 
of  the  color  alphabet  (lOOX  dlscrimlnable)  obtain..^le  under 
these  viewing  conditions? 

Glare  Factors  -  Writ  are  the  effects  of  glare  on  color 
discriunatlon  under  high  ambient  (and  chrcxnatic)  viewing 
conditions?  What  Interaction  effect  is  encountered  (if  any)  with 
the  Introduction  of  filters  and  visors  in  the  glare  environment? 

Color  Contrast  -  What  are  the  contrast  requirements  for 
color  discrimination  under  high  ambient  Illumination  (up  to 
8,000  ft.  Lamberts)  viewing?  What  Is  the  optimum  background 
brightness  for  comfortable  viewing  under  the  above  conditions? 
(Contrasts  of  25  to  lOOS  should  be  examined  with  an  emitted 
display  background  It— i nance  of  about  180  ft.  Lamberts)  . 

Symbol  Size  and  Shape  -  What  Is  the  optimum  symbol  size 
(Including  stroke  width  and  stroke-wldth-to-height)  and  shape  for 
^e  color  code  under  the  above  Illumination  conditions?  Simple 
solid  geometric  forms  should  be  evaluated  with  sizes  ranging  from 
two  to  three  minutes  of  arc  and  up.  One  hundred  percent 
dlscrlmln£d>lllty  thresholds  should  be  established  as  a  function 
of  different  shape-color  combinations. 

As  with  any  other  visual  performance  measure  pertinent  to 
electronic  displays,  the  observer  performance  measure  should  be 
a  mi  nimum  of  lOOS  legibility  under  all  anticipated  viewing 
conditions.  Additionally,  the  minimum  should  optimize  reading 
time,  detection  time  or  identification  time,  depending  upon  the 
visual  task  to  be  performed.  Subjective  observer  preferences 
should  be  included  in  the  above  evaluation,  where  possible. 


FLASH  RATE  COOING 


Introduction 


There  appears  to  be  little  in  the  way  of  data  relating  to 
flash  rate  coding.  The  few  data  that  are  available  tend  to  shy 
away  from  recooBiending  this  Method  of  coding  if  other  methods 
are  available.  There  are,  however,  seme  new  and  encooraging 
possibilities  for  the  use  of  this  dimension. 

An  early  review  by  Gebhard  (Ref.  128)  indicated  that  flash 
rate  coding  was  a  possible  but  not  very  practical  means  of 
representing  information.  He  suggested  the  use  of  a  course 
flicker  which  stayed  well  below  the  fusion  frequency.  The 
frequencies  he  suggested  for  scaling  into  a  usable  code  ranged 
from  about  0.5  to  30  flashes  per  second  with  the  retinal 
intensities  about  10  millilamberts  for  the  30  flashes  per  second 
rate.  ^  found  about  15  discriminable  steps  between  0.5  to  30 
flcishes  per  second,  but  reliability  was  poor.  The  author 
suggested  that  it  would  be  more  profitable  to  use  simpler  on-off 
type  flash  codes. 

Gerathewohl  (Ref.  132)  cexulucted  a  series  of  studies  on 
flashing  light  signals.  He  found  that  flashing  light  signals 
were  more  conspicuous  than  steady  ones  when  brightness  contrast 
is  low. 

Gerathewohl  (Ref.  135)  investigated  how  conspicuous  flash¬ 
ing  light  signals  are  at  three  different  flash  frequencies  and 
duration  rates  (1,  2,  and  4  flashes  per  second  and  durations  of 
1/2 ,  1/4 ,  and  1/8  second  each) .  The  results  indicated  that  when 
the  subject  had  a  complex  psjehomotor  task,  the  flashing  light's 
efficacy  as  a  warning  depended  on  the  oonspicuity  of  a  series  of 
flashes,  not. on  the  luminance  of  a  single  flash  alone.  With  a 
luminance  of  1  millilambert,  subjects  will  respond  to  a  series 
of  light  flashes  in  a  caqplex  situation  with  the  same  speed 
regardless  of  whether  the  flash  is  once  each  second,  or  four 
times  each  second  with  a  l/8th  of  a  second  flash  duration.  At 
low  contrast,  the  short,  fast  flashing  light  appeared  to  be  more 
conspicuous  than  the  longer,  slow  flashing  light.  Gerathewohl 
concluded  that  subjects  responded  more  quickly  when  the  flash 
rate  was  faster.  Three  flashes  per  second  was  the'  fastest  rate 
he  used  in  this  particular  study. 

Baker  and  Grether  (Ref.  12)  found  little  in  the  way  of  data 
applying  to  flash  rate  coding.  They  determined  that  five  flash 
codes  could  be  discriminated  under  ideal  conditions.  However, 
they  found  this  disension  unsatisfactory  because  high  brightness 
is  required  if  a  high  flicker  rate  is  to  be  seen  as  flicker. 

They  indicated  also  that  this  coding  dimension  is  annoying  to 
the  operator. 
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Cohen  and  Dlnnerstexn  (Ref.  80)  conducted  a  study  to 
esanine  the  relationship  between  flash  frequencies  and  the 
ability  to  identify  various  flash  rate  frequencies  correctly. 

They  used  10  subjects  to  judge  nine  flash  rates  that  varied  from 
one  flash  each  four  seconds  to  12  flashes  per  second.  The 
stiwulus  used  was  a  high  intensity  blue-idiite  Strobotron  tube, 
■asked  to  a  point  source. 

The  results  indicated  that  their  subjects  could  discriminate 
an  absolute  maximna  of  five  flash  categories  under  the  best 
conditions.  Even  with  only  four  stimulus  categories,  occasional 
confusion  occurred.  The  authors  recommended  using  only  three 
flash  rates  for  an  operational  situation: 

4  flashes  per  second 
1  flash  per  second 
20  flashes  per  minute. 

Morgan  et  al.  (Ref.  287)  recommends  that  flash  rates  be 
limited  to  no  more  than  four  rates  and  that  these  should  be  limited 
to  only  one  or  two  items  on  the  display  itself. 

Honigfeld  (Ref.  171)  reviewed  the  literature  and  concluded 
that  flash  rate  is  a  poor  tray  to  present  information.  She  found 
it  detresmntal  to  performance  under  all  conditions  as  it  is 
critically  influenced  by  brightness  amd  size,  filth  high  flicker 
rate,  the  target  must  have  high  brightness  and  large  size. 
Flickering  light,  especially  at  certain  rates,  is  annoying  to 
view. 


She  did  conclude,  however,  that  under  certain  conditions, 
one  could  make  good  use  of  the  annoying  properties  of  this  code. 
The  periphery  of  the  eye  is  especially  sensitive  to  intermittent 
stimulation  between  two  and  sixty  cycles  per  second.  These 
frequencies  are  recommended  only  to  attract  attention.  This 
flicker  range  may  also  produce  apparent  moveaient,  which  may  or 
may  not  be  beneficial.  Honigfeld  reccnmends  Cohen  and 
Dinnerstein's  suggested  rates  for  coding:  8  flashes  per  second, 
one  flash  per  second  and  20  flashes  per  minute. 

Ziegler,  Reilly  and  Chemikoff  (Ref.  365)  conducted  two 
experiments  to  (1)  determine  the  effects  of  adding  flash  coded 
directional  information  to  a  conventional  displacement  display 
and  (2)  to  conqpare  a  display  system  which  indicates  error 
direction  means  of  flash  coding  with  one  where  flash  coding 
of  error  direction  is  combined  with  brightness  coding  of  error 
magnitude  (the  latter  being  referred  to  as  "depth-of -flash" 
coding) . 
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The  display  used  in  Experiment  I  was  a  five  inch  CRT  tube 
with  a  1/2  inch  long  horizontal  reference  line  centered  on  the 
tube  and  a  1/32-inch  diameter  dot  moving  along  the  Y-axis  normal 
to  the  center  of  the  reference  line.  The  dot  flashed  on  and  off 
with  a  50-50  duty  cycle.  When  the  dot  was  1/8-inch  or  more 
above  the  reference  line,  it  flashed  at  a  rate  of  60  cpm  to 
indicate  high  error  direction.  When  the  dct  was  1/8  inch  below 
the  reference  line,  the  flash  rate  wcis  120  cpm,  providing  "low" 
error  direction  information.  No  flashing  occurred  if  the  dot 
Mas  within  the  +  1/8-inch  range  of  the  reference  line.  Each 
display  was  tracked  at  a  viewing  distance  such  that  the  maximum 
visible  dot  displacement,  from  the  reference  line,  subtended 
visual  angles  of  1,  2,  4,  8,  and  16  min  at  the  eye  of  the 
observer.  Each  of  seven  subjects  served  in  three  sessions  on 
each  of  the  five  visual  angles.  The  subjects  were  dark  adapted 
for  15  min.  prior  to  each  session. 

The  results  of  Experiment  I  are  summarized  in  Figure  58.  As 
visual  angle  decreased,  tracking  error  was  found  to  increase  for 
both  the  displacement-coded  and  displacement-plus-flash-coded 
displays.  At  certain  angles,  performance  was  improved  Jjy  the 
addition  of  flash-coded  error  information. 

In  Experiment  II,  eight  different  dark-adapted  subjects 
viewed  the  display  from  a  sitting  position  16  feet  from  the  CRT 
tube.  A  1/16-inch  diameter  spot  of  white  light  was  flashed  in 
a  similar  manner  to  Exp.  I  but  the  brightness  of  the  light  varied 
as  a  function  of  the  amount  of  error  (between  50  and  1200  Pt-L) . 


Visual  Angle  (Minutes  of  Arc) 


Figure  58.  Tracking  Error  as  a  Function  of  Visual  Angle 
for  Experiment  II. (After  Ziegler  et  al..  Ref.  365) 
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As  the  error  decreased,  the  brightness  difference  above  and  belov 
the  reference  brightness  becane  less  until  at  ;ero-error  the 
subject  ■oaentarily  saw  a  steady  light  of  600  Ft  L.  The  average 
brightness  of  the  display  remained  constant  (but  unspecified)  . 

The  results  are  siinrized  in  Figure  59.  The  authors 
found  the  difference  between  the  displays  to  be  significant  with 
the  flash  coded  display  superior  in  all  but  the  first  two 
sessions. 

After  the  initial  sessions  approximately  1-1/2  times  as 
much  error  was  made  when  display  information  was  limited  to 
error  direction  alone.  The  superiority  of  the  depth-of -flash 
was  evident  after  a  relatively  short  learning  period. 

The  last  study  indicates  some  of  the '  possibilities  for 
flash  rate  coding  of  information.  It  is  also  evident  that  much 
careful  work  is  needed  in  this  ar^  before  this  technique  can  be 
perfected. 


Session 


Figure  59.  Tracking  Errors  as  a  Function  of  Training 
for  Experiment  II  Coding  Methods. 

(After  Ziegler  et  al..  Ref.  365) 
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Simmmry 


The  majority  of  the  literature  reviewed  here  tends  to  fall 
into  one  of  three  categories: 

1.  Flash  rate  coding  is  the  least  desirable  of  the  several 
dimensions  of  coding  available  for  visual  displays.  As  such,  it 
should  only  be  incorporated  into  the  display  as  a  "last  resort". 

2.  That  flash  rate  coding  is  useful*,  but  limited  in  scope, 
with  three  to  five  distinct,  discriminable  flash  rates  available.. 
In  this  category,  Gerathewohl  suggests  flash  rates  of  1,  2,  and 

4  flashes  per  second  with  durations  of  1/2,  1/4  and  1/8  second 
each . 


3-  That  the  full  potential  of  flash  rate  coding  has  not 
been  exposed.  In  this  group,  Ziegler  et  al.  have  shown  that 
flash  rate  and  depth-of -flash  coding  do  offer  possibilities  for 
unique  encoding  of  information.  More  research  and  validation 
remains  to  be  done  in  this  area,  but  it  does  appear  to  offer 
possible  new  approaches  to  the  coding  problem. 


♦There  appears  to  be  little  question  as  to  the  value  of  a  flashing 
light  as  an  attention-gaining  device.  (Gerathewohl,  1953,  Baker 
and  Grether,  1954,  Honigfeld,  1964).  However,  the  fact  may  be 
often  overlooked  that  this  too  is  a  coding  dimension. 
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SECTION  V 


ALPHANDMERIC  DESIGN  CCMSUKRATICMS 

INTRODUCTION 


Ketchel  and  Jenney  (Ref.  206)  recently  state,  "Of  all 
the  coding  techniques,  alphanunerics  has  attracted 
the  greatest  attention  because  letters  apd  nuaerals 
offer  almost  limitless  possibilities  for  encoding  in- 
:  formation.  The  c^timum  characteristics  of  alpha¬ 
numeric  codes  for  various  applications  have  been  the 
subject  of  intense  investigation  over  the  years,  and 
I  nearly  hcilf  of  the  research  reports  ever  published 
on  symbology  deal  with  some  aspect  of  alphanumerics”. 

This  section  reviews  the  research  dealing  with  pertinent  factors 
in  the  legibility  of  numerals  and  capital  letters,  and  the 
development  of  legibility  reconmendations  for  alphanumeric 
symbols  to  be  used  in  operational  electronic  display  systems. 

It  is  not  the  purpose  of  this  section  to  review  the  entire 
body  of  research  relating  to  alphanumerics ,  but  rather  to 
present  research  material  directly  supporting  al^anumeric 
legibility  recommendations  for  cathode  ray  tube  (CRT)  displays 
cind  near  related  electronic  displays. 

Specifically,  the  literature  was  reviewed  with  the 
objective  of  presenting  design-oriented  guideline  data  on  the 
following  legibility  features  of  alphanumerics  for  electronic 
display  application: 

-  Font  or  Style 

-  Symbol  Size  and  Proportion 

-  Symbol  Spacing 

-  ^rds 

-  Edge  (off  center  of  tube)  Displayed  Symbology 

-  Viewing  Angle 

-  Symbol  Blur 

-  Matrix  Symbol  Generation  Techniques  . 

Thetse  physical  factors  were  manipulated  as  independent 
variables  for  the  studies  revie»#ed.  For  these  variables  it  was 
necessary  to  establish  meaningful  performance  mecisures,  or 
dependent  variables,  which  would  specify  acceptable  operator 
performance  criteria  emd  validly  reflect  display  system 
perf .  xmance . 
i 

I  The  dependent  variables  selected  for  this  task  were  chosen 
base^  upon  the  following  criteria.  First,  consideration  was 
gives  to  the  performance  measures  which  define  symbol  legibility: 
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accuracy,  rate,  speed,  and  threshold  of  identification.  Second, 
it  was  necessary  to  establish  which  Beastires  had  been  used  in 
alphanuneric  research  concerned  with  syabol  legibility  and 
third,  careful  consideration  was  given  to  those  measures  of 
legibility  %diich  raflecrt  the  performance  required  of  a  pilot 
in  an  operational  cockpit  setting - 

Because  research  was  available  cxi  all  the  performance 
measures  defining  symbol  l^ibility,  reasons  one  and  two  did 
not  eliminate  any  dependent  measures  frcmi  consideration.  The 
pilot's  operational  setting  did,  however,  eliminate  threshold 
of  identification  since  it  was  considered  inapplicable  as  au  , 
operational  measure  of  legibility.  This  was  because  (1)  thresh¬ 
old  of  identification  is  usually  determined  by  measuring  the 
distance  from  the  eye  to  the  symbol  when  the  number  of  identifi-: 
cations  are  either  50  percent  correct  (50  percent  threshold)  or 
100  percent  correct  (100  percent  threshold)  (Sef .  303)  ,  and  (2)  ( 
only  a  100  percent  oor;rect  level  of  identification  is  acceptable' 
for  systems  usage.  This  eliminated  from  consideration  all 
studies  with  a  50  percent  correct  level  of  symbol  identification'. 
Those  studies  with  a  100  percent  correct  threshold  were  included, 
provided  the  viewing  distances  used  were  close  to  the  28  inch 
operational  standcird.  In  such  cases,  these  studies  were  con-  / 
sidered  under  "accuracy  of  identification*.  ’  j 

As  mentioned,  prime  consideration  was  given  to  those 
performance  measures  which  best  describe  the  pilot's  legibility 
requirements.  These  are  whether  or  not  the  pilot  can  accurately 
identify  the  symbols,  and  the  speed  or  rate  at  which  be  can  . 
identify  them.  It  should  be  notetd  tha%f  since  speed  of  symbol ' 
identification  is  measured  as  the  time  in  seconds  from  symbol 
presentation  to  symbol  identification,  it  applied  only  to  those 
studies  which  did  not  use  a  fixed  exposure  time. 

Having  established  that  accuracy  and  speed  or  rate  of 
symbol  identif legation  are  acx:eptable  as  dependent  measures  of 
alphanumeric  legibility,  it  remained  to  specify  the  acceptable 
operator  performances  levels  for  each  of  these  measures.  As  an 
examination  of  the  variety  and  cxmqslexity  of  any  electronic 
flight  display  task  will  reveal,  it  is  difficmlt  to  specify 
a  generally  acceptable  systems  performancse  level  for  speed  or 
rate  of  symbol  identification  without  c^arefully  examining  the 
individual  requirements  of  the  given  task  within  the  framework 
of  the  overall  aircraft  system.  This  suggests  that  speed  or 
rate  information  taken  frexm  reviewed  studies  and  intended  for 
design  purposes  be  carefully  evaluated  against  c^>erational 
requirements.  If  operational  requirements  are  not  available, 
then  these  data  should  be  used  as  guidelines  for  projected 
"worst  case"  design  considerations.  Nben  considering  accniracy 
of  symbol  identification,  however,  a  performance  level  ^proaerh- 
ing  100  percont  correct  identific:atioa  is  generally  necessary  for 
acceptable  systems  usage.  This  is  a  requirement  consistent  with 
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the  operational  philosc^hy  that  says  an  c^perator  may  be  allowed 
considerable  tolerance,  for  a  variety  of  circums t cuices ,  in  the 
absolute  time  (rate)  permitted  to  identify  a  given  symbol  and 
still  be  effective,  but  that  his  identifications  must,  in  all 
cases,  be  accurate  to  be  useful  in  the  system. 

Having  established  the  desirable  independent  varieties  and 
what  constitutes  an  acceptcible  dependent  performance  measure, 
it  remained  to  find  alphanumeric  legibility  studies  consistent 
with  these  requirements. 

Ideally,  exact  alphanumeric  legibility  recommendations 
could  be  generated  from  the  existing  literature  for  &eusii  con¬ 
dition  effecting  the  operational  use  of  CRT's  in  flight  displays. 

In  reality,  however,  the  body  of  research  currently  available  is 
not  cidequate  to  this  task.  Shurtleff  (Ref.  304) ,  a  recognized 
authority  on  alphanumerics ,  conducted  a  three-year  c<»^rehensive 
study  to  establish  alphanumeric  legibility  specifications  for 
visual  display  devices,  and  concluded  that  "the  data  are  not 
co^lete  enough,  nor  described  in  sufficient  detail,  for  one  to 
be  able  to  specify  unequivocally  what  the  values  of  each  relevant 
factor  should  be  for  a  given  display  situation." 

In  ciddition  to  the  ino^nqplete  data  found  in  the  literature, 
certain  methodological  probleots  limit  the  utility  of  those  data 
which  are  avai^^able.  One  of  the  more  confounding  of  these 
problems  is  the  use  of  extremely  short  exposure  times  frequently 
used  for  presenting  symbology.  Studies  which  employ  an  extreme¬ 
ly  short  viewing  time  are  generally  attempting  to  challenge  the 
capabilities  of  the  subject  in  order  to  introduce  errors  which 
can  be  analyzed  andi  conqiared  statistically,  the  idea  being  that 
an  alphanumeric  configuration  which  performs  well  under  these 
limited  viewing  tim^s  will  also  perform  better  under  operational 
conditions.  This  h£^  not  always  been  found  to  be  true.  For 
exas^le,  in  the  cureq  of  lineeir  scales  (Refs.  66  and  67),  reading 
accuracy  for  one  scale  was  found  to  be  superior  to  a  second 
scale  when  both  were  tested  at  .075,  .15  and  .3  seconds,  but 
when  these  same  scales  were  tested  at  .6  and  1.2  seconds,  the 
latter  was  found  to  be  better.  Moreover,  in  terms  of  flight 
display.  Gainer  and  Obermayer  (Ref.  125)  have  found  that  from 
.3  to  .7  seconds  is  a  typical  range  of  eye  fixation  times  for  a 
variety  of  instruments.  Within  the  studies  reviewed  in  this 
chapter,  care  should  be  exercised  in  extrapolating  frem  data 
where  the  exposure  times  are  much  less  them  .3  seconds.  i 

A  second  methodological  problem  encountered  in  the 
literature  has  beeh  reduction  of  symbol  brightness,  which,  again, 
is  usually  done  to  obtain  a  mor's  workable  distribution  of  scores 
for  statistical  analysis.  Thi..  means  that  for  studies  where  the 
subjects  view  symbology  vinder  low  lighting  conditions,  interpre¬ 
tation  of  the  results  must  take  into  consideration  whether  or 
not  those  characteristics  which  seemed  to  improve  legibility 
are  effective  for  dim  illumination  conditions  only.  The  necessity 
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for  this  precaution  is  demonstrated  in  a  study  by  Brown  and 
Lowery  (Ref.  45)  where  variations  in  stroke  width  to  height  were 
found  to  improve  legibility  for  poor  brightness  conditions,  but 
had  no  effect  on  legibility  when  symbol  luminamce  was  increased. 

Realizing  that  there  are  limitaticms  within  the  existing 
literature  dealing  with  alphanumeric  legibility,  it  seemed 
appropriate  to  establish  the  following  hierarchy  of  study  pre¬ 
sentation.  Only  those  studies  concerned  with  the  objective 
evaluation  of  numeral  or  capital  letter  symbol  legibility,  under 
controlled  and  specified  experimental  conditions  by  visually 
screened  subjects,  were  considered  for  this  review.  Exception 
to  these  criteria  were  permitted  where  particular  study  results 
appeared  to  contribute  to  an  area  void  of  technically  acceptable 
research.  Where  such  studies  were  used,  mention  is  made  of  their 
inherent  limitations  and  any  conclusions  dram  from  them  are 
qualified.  These  requirements  naturally  eliminated  much  research 
from  inclusion  in  this  review.  However,  for  those  interested  in 
a  general  summary  on  alphanumerics ,  Comog  and  Rose  (Ref.  90) 
have  published  an  excellent  reference  handbook  enconqpassing  over 
200  studies. 

Likewise,  studies  pertaining  directly  to  electronic  display 
devices  were  given  priority  consideration.  Where  electronic 
display  research  was  missing,  or  sketchy,  suppleiqental  non¬ 
electronic  display  material  was  used  if  it  was  available.  If 
research  voids  existed  in  an  area,  the  opinions  expressed  by 
recognized  authorities  may  be  cited,  or  the  authors'  opinions, 
based  on  the  total  body  of  literature  reviewed  may  be  presented. 
Finallj,  recommendations  are  given  for  future  resecrch  designed 
to  eliminate  existing  data  voids. 


FCWT  OR  STYLE 


Introduction 


As  applied  to  display  systems  design  and  usage,  font  refers 
to  tlie  fundamental  geometry  or  style  of  a  particular  set  of 
alphanumerics .  It  is  the  basic  framework* for  the  generation  of 
a  set  of  alphanumerics  and,  therefore,  effects  other  symbol 
characteristics  such  as  width-to-height  and  stroke-width-to- 
height . 

The  font  of  letters  and  numbers  used  in  displays  is  espe¬ 
cially  relevant  to  humcui  factors  considerations  of  legibility, 
an  element  in  alphanumerics  that  has  been  variously  defined. 

For  example,  McCormick  (Ref.  230)  defines  legibility  as  "the 
attribute  of  being  cible  to  identify  given  letters  or  numerals 
to  the  exclusion  of  others  and  depends  primcirily  on  such  fea¬ 
tures  as  stroke  width,  form  of  character,  background,  size  and 
illumination" . 

For  this  review,  however,  legibility  is  defined  as  a 
property  of  alphanumerics  which  is  measured  in  terms  of  three 
objective  performance  criteria:  accuracy,  speed,  and  rate  of 
symbol  identification.  The  following  section  reviews  research 
that  relates  to  chcuiges  in  legibility  resulting  from  the  use  of 
varying  alphanumeric  fonts. 

Because  so  little  useful  research  has  been  conducted  on 
alph^urlumeric  font  using  operational  electronic  displays,  the 
following  section  on  font  comparisons  for  non-electronic  visual 
display  devices  is  presented  as  supplementary  information. 

While  the  experimentcil  conditions  surrounding  each  of  these 
supplementary  studies  qualify  them  according  to  the  selection 
criteria  for  inclusion  in  this  review,  details  of  the  research 
are  not  presented,  both  for  the  sake  of  brevity  and  because 
these  conditions  were  not  judged  to  be  directly  applicable  to 
electronic  display  usage.  For  a  complete  description  of  the 
experimental  conditions,  see  the  specific  studies  cited,  and 
for  cui  excellent  in-deptn  suomary  on  non-electronic  display 
devices,  see  Shurtleff  (Ref.  303). 

Non-Electronic  Display  Studies 

Mackworth  (Ref.  229)  ,  in  his  original  attempt  to  improve 
the  legibility  of  a  complete  set  of  alphanumerics,  developed 
the  Mackworth  style  (see  Figure  60)  which  he  evaluated  against 
letters  similar  to  the  AND  10400  style  (see  Figure  61)  and 
numbers  similar  to  the  Leroy  style  (see  Figure  62).  Presenting 
the  symbols  individually  for  1.62  seconds  at  10  Ft.  Candles  of 
illumination,  he  found  that  for  accuracy  of  identification,  his 
font  was  superior  to  the  AND  10400-Leroy  letter-number  ccHnbina- 
tion.  But  as  Crook  and  Baxter  (Ref.  93)  point  out,  differences 
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Figtire  60.  Hackworth  Alphanuaerics . 
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Figure  61.  AND  10400  Nuaerals. 
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Figure  62.  Standard  Leroy  AlphanTimerics. 
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in  brightness  contrast  and  overall  syabol  size  may  have  given 
the  Maclcworth  style  an  a'^2uitage  in  the  comparison,  and  this 
may  have  confounded  the  .  cudy  sconclusic»  of  apparent  superiority. 


The  AND  10400  numerals  were  further  cong>ared  with  Berger 
numerals  (see  Figures  61  and  63)  by  Brown,  Lowery  and  Willis 
(Bef.  46)  with  the  height,  width,  and  width-to-height  percentage 
held  constant.  Mean  error  scores  indicated  that  the  only  sig¬ 
nificant  differences  between  the  two  styles  were  for  the  digits 
■4"  and  "O".  The  Berger  “4“  «fas  significantly  better  than  the 
AND  "4'*  for  two  sets  of  experimental  ccmditions.  First,  for 
trans -illuminated  brightness  levels  of  0.33,  0.79,  1.63,  2.60 
and  3.34  Ft.  Lamberts  at  0.20  and  0.04  second  viewing  tines,  and 
second,  for  a  floodlight  condition  idiere  illumination  brightness 
levels  of  80  and  40  Ft.  Candles  were  used  with  a  0.007  second 
viewing  time.  The  AND  "9“  was  significantly  better  tham  the 
Berger  ”9"  for  the  floodlighted  condition  only.  The  viewing 
times  of  0.04  and  0.007  seconds  are  extremely  rapid  for  normal 
systems  application,  but  the  superiority  of  the  Berger  "4*  for 
the  brightness  levels  tested  and  the  0.20  second  viewing  time  is 
appropriate  for  systems  usage. 

In  a  three-way  comparison,  Atkinson,  Crumley  and  Willis 
(Ref.  10)  evaluated  the  AND  10400  and  Berger  numbers  with  a  set 
of  numbers  suggested  by  Brown  et  al.  (Ref.  46)  called  AMEL  (see 
Figures  61,  63  and  64)  .  Two  sets  of  conditions  were  tested: 
first,  a  sinmlated  daylight  ccxidition  with  illuminations  of  11, 
24  and  34  Ft.  Candles  with  a  viewing  time  of  0.005  seconds  and 
seccmd,  a  red  transillcmination  condition  with  brightnesses  of 
0.10,  0.30,  0.80,  1.60,  2.60  and  3.30  Ft.  Lamberts  at  a  viewing 
time  of  0.20  seconds.  Mean  error  scores  indicated  that  the  AMEL 
digits  were  significantly  better  than  either  of  the  other  two 
styles  for  both  the  daylight  and  tr^ms illumination  conditions. 

Once  again,  a  short  exposure  time  limits  the  system  appli¬ 
cation  usefulness  of  the  daylight  condition,  but  the  0.20  seccuid 
exposure  time  for  the  transillximination  condition  is  realistic, 
and  the  data  can  be  used  where  red  lighting  is  acceptable. 

Brown  (Ref.  374)  compared  the  legibility  of  Garamond  Bold 
letters  (see  Figure  65)  with  NAMEL  letters  (see  Figiire  66)  . 
Nineteen  letters  (B,  1,  J,  K,  Q,  V,  6  W  excluded)  were  presented 
at  a  0.20  second  vietring  time  with  brightnesses  of  0.30,  0.80, 
1.60,  2.60  and  3.30  Ft.  Lamberts.  The  purposeTin  this  study  was 
to  compare  NAMEL  letters,  tdiich  are  constructed  with  a  uniform 
stroke-width-to-height  and  without  serifs  (a  fine-line  or 
embellishment  aE^>earing  chiefly  at  the  ends  of  sysft>ol  strokes) 
with  Garamond  Bold  letters,  which  axe  constructed  with  variable 
strcdce-width-to-height  and  with  serifs.  Study  results  indicated 
that  for  accuracy  of  identification,  NAMEL  letters  were  siq>erior 
to  the  Garamond  Bold  letters  at  all  brightnesses  levels  tested, 
with  the  greatest  differences  falling  at  the  0.30  and  0.80  Ft. 
L^unbert  levels. 
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Figure  63.  Berger  Numerals. 
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Figure  64.  AMEL  Numerals. 
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Figure  65.  Garamond  Bold  Letters. 
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Figure  66..  NAMEL  Letters - 


The  Nitxe  Corporation  (Bef.  302),  in  attopting  to  develop 
a  font  which  would  be  legible  in  different  kinds  of  visual 
display  systens,  developed  in  the  Xanooln/Mitxe  alphanuaeric  font 
(see  Figure  67)  .  Using  four  synbol  brightnesses  of  4,  6,  8, 
and  10  Ft.  Lanberts  (background  brightness  1  Ft.  Laabert)  ,  and 
a  0.01  second  viewing  tLae,  the  Lincoln/Mitre  font  was  found  to 
be  statistically  superior  to  the  standard  Leroy  font  (see  Figure 
62)  in  accuracy  of  identification  for  all  brightness  levels 
except  the  4  Ft.  Laabert  condition. 

It  should  be  noted  that  this  ccaparison  was  made  at  an 
extreaely  short  viewing  tiae  which  liaits  the  application  of 
the  study  conclusion.  The  data  are  interesting,  however,  in 
that  the  Linooln/Mitre  group  was  able  to  develop  a  font  which, 
at  least  for  the  conditions  tested,  tras  superior  to  the  standard 
Leroy. 

A  new  approach  to  number  legibility  was  studied  by  Lansdell 
in  1954  (Bef.  312) .  Ee  constructed  a  set  of  nuaerals  incorpora¬ 
ting  geoaetrical  shapes  designed  to  be  easily  recognized  (see 
Figure  68) .  Co^aring  these  nuabers  with  Nackworth  nunbers  (see 
Figure  60)  at  a  0.6  second  exposure  tiae  and  a  brightness  level 
of  10  Ft.  Laaberts,  Lansdell  established  that  his  nuaerals  were 
significantly  superior  to  the  Mackworth  for  accuracy  of  identi¬ 
fication.  Two  years  later,  Foley  (Bef.  123)  revised  the 
Lansdell  nuabers  (see  Figure  69)  and  ooapared  thea  again  with 
the  Mackworth  nuaters  (see  Figure  60) .  He  found  that  for  three 
illuaination  levels,  10,  30  and  50  Ft.  Candles  and  three  ex¬ 
posure  tiaes,  0.3,  0.8  and  1.3  seconds,  the  Foley  nuabers  were 
significantly  better  than  the  Mackworth  for  accuracy  of  identi¬ 
fication.  No  cross  ccaguLrison  of  the  Lansdell  and  Foley- 
Lansdell  nunbers  has  been  reported. 

C<yiclusion 

*1 

Table  29  presents  a  suaaary  of  the  ncn-electronic  display 
'font  coaparisons.  Because  of  a  lack  of  cross  coapariscm  studies, 
it  is  not  possible  to  select  a  single  aost  acceptable  non¬ 
electronic  display  font.  Shurtleff  (Bef.  303)  reccaaends  the 
Mackworth  alphannaerics  as  designed  by  the  Lincoln  Laboratory  as 
the  best  choice  available;  yet  both  Lansdell  and  Foley  have 
deaonstzated  that  their  relatively  unorthodox  new  fonts  are 
sigierior  to  the  Mackworth  for  the  conditions  tested. 

The  Brown  study  (Ref.  374)  indicated  that,  for  letters,  a 
unifora  strc*e-width-to-height,  without  serifs,  was  better  for 
accuracy  of  identification  than  a  variable  strc*e-width-to- 
height  with  serifs.  Shurtleff  (Bef.  303),  in  conaenting  on  the 
Brown  findings  states,  “it  is  reconaiended  that  letter  styles 
featuring  variable  stroke  widths  and  serifs  be  avoided  in 
display  situations,  particularly  when  factors  such  as  synbol 
brightness  and  exposure  tines  are  at  aarginal  values”.  While 
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Figure  67.  Lincola/Mitre  Alphanumerics . 
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Table  29.  Hon -Electronic  Display 
Font  CcMQiarisons :  A  Snii  ii'y. 


Study 

Fonts 

Symbols 

Investigated 

Mackworth  (1944) 

Mackworth*-  AHD  10400/Leroy 

Alphanumerics 

Showman  (1966) 

Leroy  -  Lincoln/Mitre* 

Alphanumerics 

Brown  (1953) 

Garamond  Bold  -  HAMEL* 

Letters 

Atkinson  (1952) 

AHD  10400  -  Berger  -  AMEL* 

numbers 

Lansdell  (1954) 

Lansdell * -  Mackworth 

Mumbers 

Foley  (1956) 

Foley/Lansdell * -  Mackworth 

numbers 

^Significantly  better  at  either  .05  or  .01  level. 

^Appeared  better  or  a  saall  percentage  better. 

^Shown  to  be  superior,  bat  conparison  has  limited  utility 
due  to  the  extremely  short  exposure  times  used  in  study. 


these  results  appear  to  validate  that  serifs  do  not  uaprove 
symbol  legibility,  the  effect  of  variable  stroke-vidth-to-neigat 
on  symbol  legibility  is  not  sufficiently  understood  to  form  a 
conclusion.  Both  the  Lansdell  2uad  Foley -l,ansdell  numerals 
incorpora tcid  variable  stroke  widths,  and  they  were  both  shown 
to  be  superior  for  accuracy  of  identification  to  a  standard 
Nackworth  which  used  a  fixed  stroke  width.  Further  investiga¬ 
tion  is  dcsemed  necessary  before  this  issue  may  be  reconciled. 

The  applicability  of  the  non-electron ic  display  research 
just  discussed  to  aui  electrcxiic  display  operational  situation 
is  coagilicated  by  the  vairiations  in  alphanumeric  legibility 
induced  by  the  methods  of  symbol  generation  and  display  media. 

The  HAMEX  font,  for  exaiqple,  was  originally  developed  to  optimize 
alphanumeric  characters  for  aircrew  station  displays  and  was 
standardized  in  IOI.-M-18012  (see  Figure  70)  and  MS  33558  (see 
Figure  71)  .  For  a  description  of  MII.-M-18012  number  and  letter 
dimensions  see  Table  30.  MIL-M-18012  alphanumerics  apply  to 

both  transillimii  nated  and  reflectively  illuminated  aircrew 
station  displays  and  control  panels;  MS -33558  alphanumerics 
apply  to  hirdraft  instrumen.ts  and  dials.  Trans  illuminated 
aircrew  station  display  characters  are  somewhat  like  cathodevray 
tube  (CRT)  characters  because  both  ^mit  light;  however,  CRT 
displays  are  luminescent  and  aircrew  station  displays  are  in¬ 
candescent.  Trans  illuminated  characters  are  made  up  of  solid 
areas  of  light  passing  through  a  translucent  material,  whereas 
electronically  generated  characters  are  varyingly  composed  of 
electronically  generated  raster  matrices,  dots  or  line  segments. 
Thus,  the  method  of  symbol  generation  is  responsible  for  the 
individual  elements  of  composition  defining  tne  alphanumeric 
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Figure  70.  MIL-ll-18012  Alphanumerics - 


Figure  71.  MIL  Standard  MS-33358  Alphanumerics. 
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Table  30,  MIL-M-18012  Numeral  and  Letter  Dimentions 

(Adapted  from  Ref.  206) 


and  numeral  qroupn  charact.  wldtli  cbaract.  width  c)iaract.  width  charact.  width 


character.  Variations  in  shape,  width-to-height,  stroke-width- 
to-height,  brightness  contrast,  etc.,  have  been  shown  to  affect 
legibility.  Electronic  display  alphanmeric  standards  based  on 
non-electronic  display  research  represent  an  extrapolation  which 
does  not  consider  the  large  nuaber  of  highly  technical  and 
interacting  factors  induced  by  the  electronic  systen  of  symbol 
generation.  Although  current  thinking  (Refs.  373  and  206)  speci¬ 
fies  MIL-M-18012  and  MS— 33558  for  electronic  display  devices, 
the  following  review  of  relevant  research  should  be  considered 
as  it  has  been  specifically  conducted  on  alphanuz:eric  fonts  for 
electronic  displays. 

Electronic  Display  Studies  of  Font 

One  of  the  initial  atteapts  to  specify  the  optimun  font  for 
cmrs  was  conducted  by  Rowland  and^Comog  (Ref.  287),  who  examined 
a  broad  spectrum  of  commercially  available  alphanumeric  fonts 
for  use  on  a  Spanrad  Air  Traffic  Control  television  display 
screen.  Basing  their  decision  solely  on  a  groop  subjective 
evaluation,  these  investigators  concluded  that  none  of  the 
existing  fonts  was  acceptable.  In  an  attea^t  to  produce  an 
acceptable  .font,  they  designed  a  set  of  minimum  size,  upper¬ 
case  alphanumeric  characters  which  they  called  the  Courtney  font. 
Using  the  same  group  subjective  technique,  they  compared  their 
new  Courtney  font  to  the  commercial  fonts  previously  examined 
and  decided  the  Courtney  font  was  superior. 

This  asserted  superiority  was  further  validated  by  the 
follow-on  study  of  Moore  and  Nida  (Ref.  246) ,  tdio  employed  a 
subjective  method  of  evaluation  to  arrive  at  a  parallel  conclu¬ 
sion  with  Rowland  and  Comog,  namely,  that  for  CRT  application, 
the  Courtney  font  was  superior- to  all  commercially  available 
fonts. 

Shurtleff  and  Owen  (Ref.  306) ,  however,  observing  that  the 
subjective  method  of  evaluation  had  been  used  in  these  tests, 
felt  it  necessciry  to  investigate  the  legibility  of  the  new 
Courtney  alphanumerics  using  a  more  objective  me^ure.  They 
objectively  compared  the  Courtney  font  (see  Figure  72)  with  a 
standard  Leroy  font  (see  Figure  62)  using  a  Miratel  14-inch 
video  monitor  connected  to  a  525-line  Fairchild  television  \ 

camera.  Table  67  presents  the  experimental  conditions  for  this 
test.  Legibility  was  measure^  in  terms  of  both  accuracy  and 
speed  of  symbol  identification.  For  symbol  resolutions  of  6,  8, 
10  and  12  lines  per  symbol  height,  study  results  showed  that 
with  a  snail  amount  of  practice  the  subjects  identified  the 
televised  Courtney  font  less  accurately  and  l^s  rapidly  than 
the  Leroy  font  (Figures  151  and  152).  With  additional  practice, 
however,  the  subjects  found  the  Courtney  and  Leroy  to  be  similar 
in  accuracy  and  speed  of  identification  (Figures  153  and  154)  . 
Statistically,  the  w'alysis  indicated  that  only  resolution  was 
a  statistically  significant  source  of  variance  (see  section  on 
alphanumeric  resolution)  .  The  differences  between  fonts  v/ere 
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Figure  12.  Courtney  Alphanumerics . 


not  statistically  significant,  nor  was  there  a  significant 
interaction  between  fonts  and  resolution.  Shurtleff  and  Owen 
concluded,  "There  seems  little  to  be  gained  by  using  the 
Courtney  symbols  for  television,  Stince  the  perform¬ 
ance  was  not  better  than  that  obtained  with  the 
I,eroy  alphanumerics.  Furthermore,  the  data  suggest 
that  the  viewer  must  be  given  practice  with  the 
Courtney  symbols,  before  his  performance  becomes  s' 
as  good  as  that  obtained  without  pr^cticb  with  a 
standard  lettering  font."  This  conclusion  appears  to  be 
well  justified  for  the  results  obtained  in  this  study. 

Shurtleff,  Marsetta  and  Showman  (Ref.  305)  studied  the 
standard  Leroy  and  a  revised  Leroy  font  (the  symbols,  B,G,h,K, 
Q,S , Z ,1 , 5 , 6 , 7  were  modified  for  CRT  usage)  to  determine  the 
minimum  symbol  ^ize  (converted  to  visual  angle  of  subtense)  for 
^good  syrat>ol  identification  at  10.,  8,  and  6  active  raster  scan 
'lines  per  symbol  height.  See  Table  74  for  study  details.  Using 
a  General  Precision  945-line  television  camera  and  a^Conrac  21 
inch  video  monitor,  minimum 'symbol  sizes  were  established  for 
both  the  standard  and  revised  Leroy  fonts  for  85  and  99  percent 
correct  levels  of  symbol  identification.  Examination  of  Table 
75  shows  the  visual  angles  of  subtense  were  imilar  for  both 
fonts  at  each  level  of  resolution.  Statistically,  symbol  re¬ 
solution  was  the  only  significant  source  of  variance  (see 
section  on  alphanumeric  resolution).  The  average  rates  of 
symbol  identification  for  the  symbols  identified  85  and  99  per¬ 
cent  correctly  are  given  in  Table  76.  These  data  ..ndicate  that 


for  both  the  standard  and  the  revised  Leroy  fonts,  the  rate 
scores  were  siailar  at  Loth  85  and  99  percent  accuracy  of 
identification  levels  for  each  value  of  resolution.  Thus,  for 
the  conditions  tested,  neither  of  these  fonts  appears  superior 
to  the  other  for  CRT  usage.  Of  the  eleven  siTabols  aodified  in 
the  revised  style,  only  the  H  and  B  were  recocanended  for  in¬ 
clusion  in  the  standard  Leroy  font  for  use  on  television. 

Bell  (Ref.  25)  cojspared  two  teletype  fonts  for  legibility 
on.  a  televised  display.  Using  a  945— line  General  Precision 
Laboratories  820  caiaera  and  a  Conrac  CQE-14  monitor,  the  Long 
Gothic  Style  (Figure  73)  was  compared  with  the  Ihirray  Style 
(Figure  74)  at  resolutions  of  12,  10,  8  and  6  active  raster 
lines  per  symbol  height.  The  experimental  conditions  for  this 
test  are  presented  in  Table  71.  The  mean  response  times  and  the 
number  of  errors  are  given  in  Table  72  and  73  for  each  subject 
and  both  fonts.  Inspection  of  these  data  led  Bell  to  conclude 
that,  for  the  resolutions  tested,  no  difference  existed  between 
the  legibility  of  Long  Gothic  and  Murray  alphanumerics .  This 
analysis  must  be  considered  as  trend  information  since  a 
statistical  analysis  was  not  feasible  due  to  the  limited  number 
of  subjects  used  and  a  latrge  intra-subject  variance. 

Conclusion 


It  appears  that  the  standard  Leroy  font  is  acceptable  for 
electronic  display  usage;  however,  this  recoonaendation  is  made 
n»re  from  default  of  usable  font  comparisons  than  from  any 
established  superiority.  In  fact,  a  visual  comparison  between 
the  Leroy  (Figure  62)  and  MIL-M-18012  (Figure  70)  alphanumerics 
indicates  they  are  both  fundamentally  the  same.  Some  differences 
are  noted,  however,  for  the  C,I,J,M,4,5,6,9  and  zero. 

The  small  differences  between  these  fonts  and  the  relative 
availability  of  MIL-M-18012  alphanumerics  led  Ketchel  and  Jenney 
(Ref.  206)  to  state,  “As  to  character  font,  stroke  width, 
and  width-to-height  ratio,  we  also  conclude  that 
MIL-M-18012  is  suitable  as  a  goal  for  electronic 
and  optically  generated  displays  so  long  as  allow¬ 
ances  are  made  for  departures  from  this  norm  due  to 
the  techniques  of  generation  and  the  vertical  and 
horizontal  resolution  of  the  display  system.  We 
have  found  very  little  evidence  to  indicate  how  much 
degradation  in  form  and  proportion  is  tolerable.  We 
suspect  that  legibility  will  vary  not  only  with  symbol 
font,  but  also  with  such  conditions  of  use  as  the 
anxjunt  of  alphanumerically  coded  information,  the 
operator's  fcuailiarity  with  the  numeral  and  letter 
combinations,  and  the  degree  to  which  he  can  antici¬ 
pate  the  occurrence  of  given  statements.  Here,  too, 
we  believe  it  is  preferable  to  test  these  hypotheses 
through  empirical  studies." 
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Figure  73.  Long  Gothic  Alphanimerics . 
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Figure  74.  Murray  Alphanujnerics. 
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Tne  relative  suitability  of  MIL-M-ia012  for  electronically 
generated  alphanujnerics  is  ein  extrapolation  based  on  the  apparent 
similarity  of  this  font  to  the  standard  Leroy  which  has  been 
empirically  tested.  As  previously  mentioned,  however,  differ¬ 
ences  do  exist  between  these  fonts,  but  the  effect  on  legibility 
of  these  differences  has  not  been  objectively  determined  and  is 
therefore  suspect.  We  heartily  agree  with  Ketchel  and  Jenney 
that  hypotheses  concerning  symbol  legibility  should  be  tested 
through  empirical  studies,  and  a  good  start  would  be  to 
objectively  determine  the  acceptability  of  MIL-M-18012  alpha- 
numerics  for  electronic  display  application.  Also,  Ketchel  and 
Jenney  note  that  allowances  should  be  made  for  differences  in 
s^Tnbol  generation  techniques  and  resolution  factors.  Considera¬ 
tion  should  also  be  given  to  environmental  factors  such  as 
vibration,  acceleration  and  ambient  illumination  (see  environ¬ 
mental  variables  section) . 
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SYMBOL  SIZE  A.\D  PROPORTION* 


This  section  exanines  the  influence  of  heirht,  «iinr.-cc- 
heicht,  and  stroke-vidth-to-height  on  the  legibility  of  alyha- 
nuiaeric  symbols.  Syrsbol  height  is  presented  as  the  visual  angle 
of  subtense  fonaed  by  the  height  of  the  s^nsbols  at  a  particular 
viewing  distance.  Width-to-height  considerations  are  presented 
as  that  percentage  which  synbol  width  is  of  s^mhol  height. 
Stroke-width- to-height  is  likewise  expressed  as  that  percentage 
which  stroke  width  is  of  height. 

Because  no  acceptable  electronic  display  studies  were  fcur.d 
in  the  literature  for  this  topic  (one  exception  in  syz±.ol  neignt 
the  following  non -electronic  display  studies  are  presentee  as 
supplenental  material. 


Syiabol'  Height 

Woodson  et  al.  (Ref.  360)  recently  state,  ”In  general,  tne 
larger  the  size  of  letters  and  numerals,  the  less  we  have  to 
worry  about  backgrounds  and  illumination. ^ 


Limitations  on  available  display  space,  consideratiens 
information  density,  and  general  econonic  restraints  often 
compel  the  systems  designer  to  employ  symbols  no  larger  th.an 
those  absolutely  required  to  meet  the  legibility  require-ent 
the  system  task.  The  following  studies  are  presented  to  ass 
designers  in  establishing  the  ninimun  symbol  size  for  legibi 


Howell  and  Kraft  (Ref.  174)  studied  the  relationship  be¬ 
tween  symbol  size,  blur,  and  brightness  contrast  on  the  legibil¬ 
ity  of  MaeJeworth  alphanunerics .  Symbol  size  was  examined  at 
36.8,  26.8,  16.4  and  6.0  minutes  of  arc.  No  ambient  illumina¬ 
tion  was  specified  but  the  surround  was  3.5  Ft.  Candles  and  the 
stimuli,  prior  to  blur  transition,  varied  from  46  to  134  Ft. 
Candles.  Shurtleff  (Ref.  303)  tabled  the  Howell  and  Kraft  data 
at  each  level  of  symbol  size  for  the  conditions  of  blur  and 
brightness  contrast  (see  Table  31)  .  Blur  was  defined  as  the 
ratio  between  the  width  of  the  transition  gradient  from  figure 
to  ground  and  the  stroke  width  of  the  letters.  Performance  was 
measured  in  terms  of  both  accuracy  and  rate  of  symbol  identifi¬ 
cation.  Table  31  shows  that  for  accuracy  of  identification  with 
the  indicated  conditions  of  blur  and  contrast,  26.8  minutes  of 
visual  arc  is  required  to  maintain  a  consistently  high  percent¬ 
age  correct  performance.  At  16.4  minutes  of  arc,  performance 
began  falling  off  for  the  degraded  brightness  contrast  and  the 
heaviest  blurred  condition,  although  for  the  zero  blur  ccnditicr. 
performance  was  approximately  97  percent  which  vds  equal  to 
performance  for  zero  Lliir  and  the  leirger  26.8  and  36.8  minutes 
of  arc  symbols.  Performance  did  not  substantially  increase  free 
the  26.8  to  the  36.8  minutes  of  arc  condition  for  any  cf  the 
blur  or  brightness  conditions.  An  exani nation  cf  Table  31 
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Table  31-  Accuracy  ar.d  Rate  of  Syabol  Identification 
fcr  the  Eowell  and  Kraft  Study.  (Refs.  174  eind  303) 


Brightness 


Visual  Angle  in 

Contrast 

Percentage 

Symbols 

Minutes  of  Arc 

Blur 

(in  Percent) 

Correct 

Per  Second 

2.82 

3729 

95.4 

1.26 

1214 

88.8 

1.20 

1-66 

3729 

96.9 

1.31 

36.8 

1214 

94.7 

1.24 

0.55 

3729 

97.3 

1.36 

1214 

96.7 

1.29 

C.OO 

3729 

98.0 

1.34 

4 

1214 

97.9 

1.30 

2.82 

3729 

96.4 

1.27 

1214 

93.6 

1.21 

1.66 

3729 

97.7 

1.34 

26.8 

1214 

96.4 

1.22 

0.55 

3729 

97.9 

1.36 

1214 

97.3 

1.31 

0.00 

3729 

98.3 

1.34 

1214 

97.3 

1,32 

2.82 

3729 

94.2 

1.16 

1214 

87.4 

1.03 

1.66 

3729 

96.9 

1.30 

16.4 

1214 

93.0 

1.10 

0.55 

3729 

96.8 

1.28 

1214 

96.3 

1.21 

0.00 

3729 

97.6 

1.29 

1214 

96.3 

1.26 

2.82 

3729 

47.0 

.70 

1214 

23.2 

.66 

1.66 

3729 

48.3 

.72 

6-0 

1214 

30.0 

.66 

0.55 

3729 

57.7 

.82 

1214 

48.3 

.66 

0.00 

3729 

65.3 

.78 

1214 

50.8 

.65 

indicates  that,  for  rate  of  identification,  there  was  nc  sun- 
stantial  difference  between  the  36.8  and  26.3  ninctes  of  arc 
conditions.  Fron  26.8  to  16.4  ninutes  of  arc,  however,  a  7.3 
percent  average  decrease  in  perforrnance  was  obtained.  Thus,  for 
both  accuracy  and  rate  of  sinnbol  identification  across  the  blur 
and  brightness  contrast  levels  tested,  the  26.8  ninutes  of  arc 
(.22  inches  synbcl  height  at  a  28-inch  viewing  distance)  condi¬ 
tion  appears  to  maintain  consistently  high  perf omtance .  If  nc 
blur  is  anticipated  in  the  design,  t-en  16.4  minutes  of  arc 
(.13  inches  syinbol  height  at  a  28-inch  view’ing  distance)  is 
adequate  for  systems  application. 

Shurtleff,  Marsetta  and  Showman  (Ref.  305)  performed  a 
study  to  determine  the  visual  size  (in  ninutes  of  arc)  of  Leroy 
and  revised  Leroy  alphanumerics  required  on  television  for  99 
and  85  percent  s^Tabol  identification  at  resolutions  of  10,  8  and 
6  active  scan  lines  per  syE±>ol  height-  For  a  description  of  the 
experimental  variables  in  this  study  see  Table  74,  and  for  a 
more  detailed  review  of  this  study  see  page  364  in  the  section 
on  resolution.  Table  75  sho%rs  that  the  visual  angles  of  sub¬ 
tense  were  similar  for  the  tro  fonts  at  each  value  of  symbol 
resolution.  Statistical  analysis  indicated  that  a  symbol  reso¬ 
lution  of  6  lines  differed  significantly  at  the  .01  level  from 
both  8  amd  10  lines,  but  that  8  and  10  lines  did  not  differ 
significantly  from  each  other.  This  would  suggest  for  resolu¬ 
tions  of  8  to  10  active  scan  lines  per  symbol  height  that  a 
min icing  visual  angle  of  approximately  15  minutes  of  arc  should 
be  used  with  Leroy  alphanumerics  for  a  99  percent  accuracy  of 
identification  level.  If  6  scan  lines  are  used,  then  a  minimum 
visual  angle  of  36  minutes  of  arc  should  be  used  for  99  percent 
accuracy.  Rate  of  symbol  identification  was  similar  for  all 
symbol  resolutions  and  both  fonts  at  the  85  and  99  percent 
correct  symbol  identification  levels  (see  Table  76)  . 

Conclusion 

The  Howell  and  Kraft  data  indicate  for  the  non-blurred 
conditions  that  a  visual  size  (visual  angle  of  subtense  in 
minutes  of  arc)  of  16.4  minutes  of  arc  (.13  inches  symbol  height 
at  a  28-inch  viewing  distance)  is  adequate  for  cq>proxiaately  97 
percent  accuracy  of  identification.  Assuming  this  data  estab¬ 
lishes  a  reasonable  visual  size  for  solid  line  printed  symbols, 
the  visual  size  of  15  minutes  of  arc  determined  by  Shurtleff 
et  al.,  on  a  television  system,  suggests  that  8  to  10  active 
scan  lines  of  resolution  are  adequate  to  produce  performance 
comparable  with  the  printed  symbols.  It  is  therefore  recongend- 
ed  that  15  minutes  of  arc  be  considered  the  minimum  visual  size 
for  alphanumeric  s>-mbols  displayed  on  a  CRT  with  a  resolution 
of  8  to  10  (or  more)  active  television  scan  lines  per  symbol 
height.  Should  the  symbols  be  subject  to  blurring  (up  to  2. 82} 
the  sv-mbol  size  should  fae  raised  to  a  minimum  of  27  minutes. 
Symbols  presented  on  a  television  system  employing  a  resolution 


of  6  active  scan  lines  per  synbol  height  should  use  a  aininua 
visval  size  of  36  ninutes.  For  consideration  of  the  ainimua 
visual  size  for  alphanuneric  s;.Tabols  viewed  under  conditions  of 
vibration,  acceleration,  extreaes  of  brightness  or  contrast 
ratio,  consult  the  appropriate  sections  of  this  report. 

S-jCrnol  Width  to  Height 

Brown  (Hef.  374)  studied  the  effect  of  variations  in  width- 
height  proportion  upon  the  legibility  of  capital  block  letters 
to  be  used  in  aircraft  cockpit  plastic  lighting  plates.  Four 
widths  of  55,  70,  85  and  100  percent  of  syabol  height  were 
investigated  for  brightnesses  of  .30,  .80,  1.60,  2.60  and  3.30 
Ft.  Laiaberts  at  .20  (see  Table  32)  and  .04  second  (see  Table  33) 
exposure  tines.  These  data  indicated  for  the  conditions  tested 
that  increases  in  symbol  width  result  in  ij^>roved  legibility. 

It  should  be  ncted,  however,  that  this  study  was  conducted  under 
similated  night  conditions  and  that,  as  indicated,  the  luminance 
values  were  quite  small.  This  factor,  combined  with  the  short 
exposure  tieies  used,  contributed  to  the  generally  high  percent-  ^ 
age  of  errors  across  all  test  coaditions.  Since  accuracy  of 
identification  error  percentages  must  approach  zero  for  effective 
system  considerations  of  legibility,  it  is  suggested  that  these 
data  be  used  cautiously. 

Soar  (Hef.  319)  examined  width- to-height  and  stroke-width- 
to-height  in  numeral  legibility.  Because  he  was  interested  in 
studying  the  sinribol  propKirtion  effects  of  width-to-height  on 
legibility,  he  maintained  the  rectangular  area  covered  by  any 
given  niaaber  constant  for  the  numeral  width-to-height  tested. 

The  stroke-width- to-height  was,  however,  varied  for  each  symbol 
width-to-height  considered.  Four  widths  of  30,  45,  60  and  75 
percent  of  symbol  height  were  studied  (symbol  height  varied  and 
the  viewing  distance  was  not  specified),  using  A>CL  numerals, 
established  by  Brown,  Lowery  and  Willis  (Ref.  46),  at  a  .04 
second  exposure  time  and  one  Ft.  Candle  stimulus  illumination. 
Results  indicated  that  for  accuracy  of  identification,  differ¬ 
ences  in  legibility  due  to  stroke  width  were  not  significant, 
except  for  the  8.  Soar  also  emphasized  the  fact  that  the  inter¬ 
action  of  width-height  proportions  and  stroke-width- to-height 
was  in  no  case  significcint .  This  led  to  his  conclusion  that 
subsecfuent  studies  of  width-height  proportions  could  be  conduct¬ 
ed  without  considering  stroke  width.  His  results  further  indi¬ 
cated  that  for  accxaracy  of  identification,  a  width  of  75  percent 
of  syrbol  height  was  optimum  for  the  values  tested  (see  Table  34) 

'.ihy  this  author  concluded  that  75  percent  width-to-height 
was  superior  is  not  apparent  because  6  out  of  the  10  digits  were 
superior  at  the  60  percent  width-to-height  level  in  comparison 
tc  the  75  percent  width-to-height  level.  Extremely  high  error 
rates  (92  percent  and  up)  ,  a  short  exposure  time  cuid  a  low 
illur.ination  level  limit  the  application  of  any  study  conclusion 
to  systems  usage.  This  study  was  included  in  this  section  be¬ 
cause  of  the  dearth  of  acceptable  and  usable  studies  on  width- 
tc-r.eicht  proportion. 
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Table  32.  Total  Nur±/er  of  Errors  and  Percentage  Error  for 


Various  Width-Height 
.29  Second  Exposure 

Prorcrticns  with  Trans illuninat 
Ti-ne.  (Adapted  frcn  Brovn ,  3ef 

ion  and 
.  374) 

Variable 

W/H 

Lur;inance  of 

Trans  i  1  luainatic: 

n  {Ft.  L. , 

(Percent) 

Datun 

.30 

.80 

1.6:  2.60 

3.30 

100 

terrors 
% errors 

36 

15.00 

36 

15.00 

33  42 

12.50  17.50 

24 

ID. GO 

85 

♦errors 
%  errors 

49 

20.42 

39 

16.25 

17.92  15.*^ 

39 

16 . 25 

70 

♦errors 

%errors 

67 

27.92 

63 

26.25 

54  53 

22.50  22.08 

61 

25.25 

55 

♦errors 

terrors 

131 

54.58 

90 

37.50 

89  97 

37.08  40.42 

77 

32.08 

Table  33.  Total  Humber  of  Errors  and  Percentage  Error  for 
Various  Width-Height  Propotbions  with  Transillunicaticn  and 
.04  Second  Exposure  Time.  (Adapted  from  Brown,  Hef.  374) 

Vciricible 

W/H 

(Percent) 

Datum 

Luminance  of  Transillumi nation  (Ft.  L. ) 

-30  .80  1.60  2.60  3.30 

100 

♦errors 

129 

61 

36 

30 

31 

lerrors 

53.75 

25.42 

15.00 

12.50 

12.92 

85 

♦errors 

152 

69 

53 

46 

37 

%errors 

63.33 

28.75 

22-08 

19.17 

15.42 

70 

♦errors 

166 

95 

69 

60 

57 

lerrors 

69.17 

39.58 

28.75 

25.00 

23.75 

55 

♦errors 

203 

140 

116 

112 

96 

% errors 

84.58 

58.33 

48.33 

46.67 

40.00 
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Table  34.  Average  Nuriber  Correct  Responses  Per  Subject 
for  Various  Kimeral  Width-to-Height  Percentages, 
(Adapted  froa  Soar,  Ref.  319) 


Kimieral 

Width- 

-to-Keight  in  Percent 

30 

45 

60 

75 

0 

1.26 

1.19 

2-32 

3.74 

0* 

— 

2.45 

4.06 

1 

7.06 

6.23 

7.20 

6.09 

2 

3.90 

5.16 

5.50 

5.07 

3 

2-92 

4.52 

4.87 

5.37 

4 

6.04 

7.52 

7.71 

7.70 

5 

4.25 

4.42 

3.42 

2.92 

6 

3.45 

5.17 

5-69 

6.26 

7 

5-53 

7.62 

7.88 

7.77 

8 

2.69 

3.19 

3.74 

3.39 

8* 

— 

— 

3.88 

3.57 

9 

3.67 

7.19 

6.51 

6.77 

♦Partial  Data 


Conclusion 


While  no  conclusion  for  systeas  application  may  be  defini¬ 
tively  drawn  free  these  studies  due  to  short  exposure  times, 
high  error  rates,  and  confusing  study  interpretations,  it  is  in 
general  thought  that  symbol  widths  on  the  order  of  50  to  100 
percent  of  height  are  adequate  to  optimize  symbol  legibility. 

If  significant  departures  from  these  values  are  contemplated, 
then  empirical  investigations  should  be  conducted  to  determine 
the  effect  on  legibility-  Overall  study  results  also  indicate 
that  a  larger  width-to-height  percentage  improves  synbol 
legibility  under  dim  lighting  conditions. 

Symbol  Stroke  Width-to-Height 

Crook,  Kanson  and  Weisz  (Ref.  96)  investigated  the  factors 
influencing  the  legibility  of  type  found  on  aeronautical  charts 
under  cockpit  illumination  (-082  Ft.  Candles  ambient).  Of 
specific  concern  were  the  effects  on  accuracy  and  rate  of  symbol 
identification  for  letters  of  three  sizes,  three  brightness 
contrasts  (symbol  and  background  luminance  were  not  specified) 
and  two  symbol  spacings  in  conjunction  with  three  stroke  widths. 
Table  35  presents  the  results  of  this  study. 


For  accuracy  of  identification  it  was  observed  that, 
generally  speaking,  a  stroke-width-to-height  of  20  percent  was 
best  for  the  conditions  tested.  Stroke-width-to-height  did  not 
appear  to  affect  accuracy  of  identification  when  brightness 
contrast  was  above  90  percent  and  the  visual  angle  of  subtense 
for  the  syrrixjls  was  22  minutes  of  arc.  For  rate  of  identifica¬ 
tion,  Table  35  indicates  that  stroke-width-to-height  had  little 
effect  when  the  visual  ancle  of  subtense  for  the  symbols  was  22 
minutes  of  arc  and  the  brightness  contrast  was  94  percent.  For 
the  remaining  values  of  visual  angle  and  brightness  contrast,  a 
stroke-width-to-height  of  20  percent  resulted  in  the  highest 
rate  of  syabol  identification. 

Crook,  Hanson  cind  Weisz  (Ref.  95)  further  studied  letter 
stroke-width-to-height  for  two  levels  of  symbol-width-to-height , 
three  symbol  spacings  (different  three  for  each  symbol-width-to- 
height)  cind  two  levels  of  test  object  illumination  (see  Table 
36) .  Letters  averaged  .064  inches  in  height  and  were  viewed  at 
14  inches  subtending  a  visual  angle  of '15.71  minutes  of  arc. 

For  both  levels  of  symbol-width-to-height  euid  the  high  test 
object  illumination  level,  accuracy  of  identification  approached 
the  99  percent  correct  level  of  performance.  The  only  system¬ 
atically  degraded  error  score  performance  obtained  was  for  the 
low  illumination  level  and  the  narrowest  stroke-width-to-height. 
Thus,  stroke-width-to-height  appears  to  influence  legibility 
only  under  dim  lighting  conditions.  Across  all  experimental 
conditions,  error  score  performance  differences  for  stroke-width- 
to-height  were  small  and  no  significant  differences  were 
reported.  Likewise,  for  rate  of  symbol  identification,  no 
stroke-width-to-height  effect  was  reported. 

In  the  previous  section  on  symbol-width-to-height,  the 
study  performed  by  Soau:  (Ref.  319)  on  numeral  legibility 
established  that  for  accuracy  of  identification,  stroke-width- 
to-height  did  not  affect  legibility  except  for  the  number  8. 

Soar  also  pointed  out  that  in  no  case  was  the  interaction  of 
width-to-height  auid  stroke-width-to-height  significant.  See 
this  study  in  the  section  on  symbol-width-to-height  for  further 
details  and  conclusions. 

The  Aeronautical  Medical  Equipment  Laboratory  cpmSTicted  a 
series  of  studies  to  determine  the  requirements  for  letters, 
numbers  and  markings  to  be  used  on  transilluminated  control 
panels  in  the  cockpits  of  military  aircraft.  Brown  and  Lowery 
(Ref.  45)  conducted  the  first  study  of  this  series  on  the 
effects  of  stroke-width-to-height,  symbol  brightness  cind 
exposure  time  on  legibility.  Five  values  of  stroke  width,  7, 

10,  13,  17  and  20  percent  of  symbol  height,  five  values  of 
symbol  brightness,  .33,  .79,  1.63,  2.60  and  3.34  Ft.  Lamberts, 
and  two  exposure  times,  .20  and  .04  seconds,  were  tested. 
Fourteen  capital  letters.  A,  C,  D,  E,  P,  H,  L,  N,  O,  P,  T,  X,  Y 
and  Z,  were  presented  in  groups  of  three  at  a  viewing  distance 
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Tcible  36.  Mean  Scores  on  Oral  Reading  Task 
with  Capital  Letters.  (Refs.  95  and  303) 


Sy=bol  Width  Spacing  in  Stroke-Width  I lliminaticr. 
in  Percent  Percent  of  Percent  of  ir. 

of  Height  Synhol  Height  S/0tx>l  Height  Ft.  Ca.".dles 


of  2B  inches.  All  letters  were  .156  inches  in  height  which  suh- 
ter.hed  a  visual  angle  of  19.15  Einatcs . 

For  the  .04  second  exposure  time  (see  Table  37),  stroke- 
width-to-height  did  not  affect  accuracy  of  identif ication  for 
B’/tzLoI  brightnesses  of  1.63,  2.60  and  3.34  Ft.  Lamberts.  For 
the  remaining  s'^n^bol  brightnesses  of  .33  and  .79  Ft.  Lamberts 
at  the  .04  second  exposure  time,  stroke  widths  of  6.7  and  10 
percent  of  symbol  heights  resulted  in  rerfomance  significantly 
less  than  the  stroke  widths  of  13.3,  16.7  and  20.0  percent  of 
symbol  height.  At  the  .20  second  exposure  time  (see  Table  38) , 
symbol  stroke-width-to-h6ight  had  no  significant  effect  on 
accuracy  of  identification  for  the  brightnesses  tested. 

While  ooth  exposure  times  used  are  shorter  than  observed 
for  pilot  eye  fixation,  it  is  interesting  to  note  that  for  the 
.2  second  exposure  time  stroke-width-to-height  had  no  effect 
on  legibility  for  any  of  the  brightness  levels  tested.  Only 
when  the  exposure  time  was  reduced  to  .04  seconds  and  a  dim 
illiimi.nation  of  .33  and  .79  Ft.  Lamberts  did  stroke-width-to- 
height  affect  symbol  legibility. 

Conclusions 


Throughout  the  studies  presented,  stroke-width-to-height 
appears  consistently  to  affect  legibility  when  test  conditions 
are  degraded  in  terms  of  brightness,  brightnes.'?  contrast  and 
exposure  time.  Results  from  the  Crook  et  al.  (Ref.  96)  and 
Brown  et  al.  (Ref.  45)  studies  indicate  a  stroke  width  of  from 
13.3  to’  20  percent  of  symbol  height  is  optimum  for  the  condi¬ 
tions  of  brightness  and  exposure  time  tested.  When  brightness 
is  incifeased  cind  exposure  times  slowed,  stroke-width-to-heig.ht 
does  not  appear  to  have  an  effect  on  either  accuracy  or  rate  of 
symbol  identification. 


« 
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Table  37.  Mean  Percent  Correct  Scores  for  Reading  Trcins illumi¬ 
nated  Block  Style  Capital  Letters  When  Exposure  Time  is  .04 
Second.  Each  Subject  Read  Five  Cards  of  Three  Letters  for  Each 
Stroke  Width  and  Brightness  Combination.  (Adapted  from  Brown 
et  al..  Ref.  45) 


Stroke  Width 
to  Height 
(in  Percent) 

Brightness 

.33 

of  Transillumination  (Ft. 

.79  1.63  2.60 

Lamberts ) 

3.34 

6.7 

.60 

28.40 

59-40 

70.73 

79.74 

10.0 

2.87 

44.40 

65.80 

79.40 

79.13 

13.3 

16.87 

59.13 

69.87 

78.27 

81.73 

16.7 

21.13 

63.80 

75.94 

77.67 

82.60 

20.9 

24.33 

62.87 

75.34 

80.60 

73.60 

Table  38.  Mean  Percent  Correct  Scores  for  Reading  Transillumi- 
nated  Block  Style  Capital  Letters  When  Exposure  Time  is  .20 
Second.  Each  Subject  Read  Five  Cards  of  Three  Letters  for  Each 
Stzoke  Width  and  Brightness  Ccxubination.  (Adapted  from  Brown 
et  al. ,  Ref.  45) . 


Stroke  Width 
to  Height 
(in  Percent) 

Brightness  of  Transillumination  (Ft.  Lamberts) 

.33  .79  1.63  2.60  3.34 

6.7 

80.80 

90.00 

89.47 

92.80 

96.93 

10.0 

84.07 

90.27 

90.53 

91.27 

91.00 

13.3 

82.80 

91.27 

92.53 

91.80 

89.73 

16.7 

85.13 

91.53 

92.07 

91.80 

92.07 

20.0 

89.20 

87.93 

85.13 

90.54 

87.20 
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SYMBOL  SPACING 


Svnibol  spacing  is  a  measure  of  the  distance  between  verti¬ 
cal  tangents  erected  at  the  outer  limits  of  adjacent  symbols 
(Ref.  303). 

Crook,  Hanson  and  Heisz  (Ref.  96)  investigated  two  symbol 
spacings  in  conjunction  with  three  symbol  sizes  (visual  angles) , 
three  brightness  contrasts  and  three  stroke-width-to-heights . 
Symbol  spacing  of  35.6  and  63.2  percent  of  symbol  height  were 
studied  for  both  accuracy  and  rate  of  symbol  identification 
across  the  conditions  indicated  in  T£Lble  35.  In  terms  of  ac¬ 
curacy  of  identification,  these  two  levels  of  symbol  spacing 
appeared  to  have  no  effect  until  (a)  the  visual  angle  was 
reduced  to  16  minutes  of  arc,  and  (b)  the  poorest  brightness 
contrast  conditions  were  used.  For  these  conditions  tne  35.6 
percent  spacing  averaged  a  1.23  percent  superiority  over  the 
63.2  percent  spacing  condition.  Further  decreasing  the  visual 
cingle  to  11  minutes  of  arc  resulted  in  improved  performance  at 
each  successively  reduced  level  of  brightness  contrast  for  the 
35.6  percent  symbol  spacing,  and  this  held  true  until  a  8.07 
percent  average  superiority  was  reached  for  the  poorest  brignt- 
ness  contrast. 

Crook,  Hanson  and  Weis£  (Ref.  95)  further  studied  symbol 
spacing  for  two  width-to-heights,  three  stroke-width-to-heights 
(different  three  width-to-heights  for  each  symbol  spacing)  auid 
two  illumination  levels  (see  Table  36).  Symbol  spacings  of  8.1, 
35.6  and  63.2  percent  symbol  height  for  the  86.3  symbol-width- 
to-height  cuid  spacings  of  4.8,  25.4  and  46.1  percent  symbol 
height  for  the  59.8  symbol-width-to-height  were  studied  for  both 
accuracy  euid  rate  of  symbol  identification.  No  differences  in 
accuracy  of  identification  was  observed  for  ciny  of  the  symbol 
spacings  tested.  For  rate  of  symbol  identification  the  data 
shows  a  slight  trend  toward  an  increase  for  each  successively 
wider  symbol  spacing. 

Conclusion 


The  Crook  et  al.  (Ref.  95  and  96)  studies  indicate  that 
accuracy  ol  identi i icatxon  for  letters  is  not  affected  by  symbol 
spacing  for  the  conditions  tested  when  symbols  subtend  visual 
angles  greater  than  16  minutes  of  arc.  When  the  visual  angle  is 
vscluc’3d  tc  16  minutes  of  arc  or  below  and  is  in  conjunction 
with  a  ccor  brightness  contrast,  then  the  narrower  35.6  percent 
symbol  oacing  improves  accuracy  of  performance.  For  rate  of 
symb-ol  identification,  however,  the  second  of  the  Crook  et  al. 
(Ref.  95)  studies  indicates  that  a  wider  symbol  spacing  (up  to 
63.2  percent)  results  in  improved  speed.  It  appears  that  symbol 
spacings  ranging  between  26  and  63  percent  of  symbol  height  re¬ 
sult  in  only  small  differences  in  both  speed  and  accuracy  of 
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identification.  If  design  reqiiirescnts  desand  sysncl  spacings 
outside  of  this  range  it  is  suggested  that  the  effect  on 
legibility  be  enpirically  determined  prior  to  design  impierenta- 
tion . 


WORDS 


Due  partly  to  the  difference  in  availability  of  contextual 
cues,  the  findings  for  single  symbols  cannot  be  generalized  to 
words  and  vice  versa.  Therefore,  separate  ligibility  recoc- 
nendations  for  words  used  in  CRT  type  display  systems  need  to  be 
established.  Kosmider  (Ref.  375)  ascertained  observer's  ability 
to  read  five-letter  words  with  individual  syi^xsl  resolutions  of 
10,  7  and  5  active  scan  lines  per  symbol  height.  Twelve  subjects 
viewed  the  words  on  a  standard  ccMBercial  television  display.  A 
total  of  100  coBBonly  used  words  were  shown  to  each  subject  at  a 
constant  visual  size  of  16  minutes  of  arc.  The  results  indicated 
nearly  perfect  (99  percent)  accuracy  for  words  coc^sed  of  solid 
stroke  letters  and  for  words  cca^x>sed  of  10  or  7  lines  per  word 
height.  Accuracy  dropped  to  97  percent  for  resolutions  of  5 
lines  per  word  height. 

Conclusion 


This  study  does  not  specify  some  of  the  important  display 
variaibles  necessary  for  accurate  design  specification  of  word 
legibility  for  CRTs.  Since  other  research  in  this  area  is  also 
inadequate  to  establish  meaningful  design  parameters,  it  is 
recocsnended  that  addi  tional  study  be  given  this  problem. 


EDGE  (OFF-CEKTER  OF  TUBE)  DISPLAYED  SYMBOLOGY 


Shurtleff,  Marsetta  and  Showman  (Ref.  305),  in  the  second 
part  of  a  three-part  study,  investigated  the  effect  of  viewing 
alphanumeric  symbology  at  the  edge  of  a  television  raster  (to 
the  side  of  the  tube  center)  .  Four  subjects  who  had  been  shown 

a  symbol  resolution  of  10  lines  in  the  first  part  of  the  experi¬ 

ment,  cited  previously  (see  Page  167)  ,  were  retested  under  the 
same  circiuastances ,  with  the  exception  that  the  symbols  were 
shown  at  the  left  edge  of  the  CRT.  Table  39  displays  the  re¬ 
sults  of  the  symbology  viewed  at  the  edge  of  the  tube  and  the 

results  for  center  viewing  for  the  same  subjects  frao  part  one 
of  the  experiment.  Tcible  74  lists  the  experimental  conditions 
for  this  test. 

A  comparison  of  the  edge  displayed  with  the  center  dis¬ 
played  symbology  indicates  that  the  visual  angle  of  subtense  for 
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99  percent  accuracy  of  identification  needs  to  be  increased  1.5 
minutes  or  about  11  p>ercent  (.28  minutes  or  4  percent  for  85 
percent  accuracy  of  identification)  over  that  required  for  the 
same  accuracy  when  symbols  are  viewed  at  the  center  of  the 
raster. 

Conclusion 


To  maintain  a  99  percent  accuracy  of  identification  the 
viewing  size  (visual  angle  of  subtense  in  minutes  of  arc)  should 
be  about  11  percent  greater  for  symbols  at  the  edge  of  the 
riister  than  for  symbols  at  the  center. 


VIEWING  ANGLE 


Viewing  angle  refers  to  the  angulair  relationship  expressed 
in  degrees  between  the  center  point  on  the  display  face  and  the 
viewer's  visual  axis.  For  example,  normal  viewing  occurs  at 
zero  degrees,  which  is  when  the  visual  axis  is  in  line  with  the 
display  center  point  and  perpendicular  to  the  screen  face. 

Very  little  directly  applicable  CKT  research  has  been  con¬ 
ducted  on  viewing  angle.  The  single  exception  is  an  aurticle 
by  Seibert  (Ref.  376)  which  indicated  that  televised  alpha- 
numerics  could  be  viewed  up  to  19  degrees  from  the  normal 
viewing  axis  before  a  decrease  in  acctiracy  of  identification 
occiirred.  Some  loss  in  accuracy  of  identification  was  observed 
to  occur  for  a  critical  angle  of  between  19  and  38  degrees  from 
the  normal  viewing  ^u^is. 

For  additional  information  relating  viewing  angle  to  con- 
^/siderations  of  resolution  see  section  on  visual  acuity. 


SYMBOL  BLUR 


Blur  is  defined  as  the  ratio  between  the  width  of  the 
transition  gradient  from  figure  to  ground  and  the  symbol  stroke 
width. 

Howell  and  Kraft  (Ref.  174)  examined  symbol  blur  in  con¬ 
junction  with  symbol  size  and  brightness  contrast  for  both 
accuracy  and  rate  of  symbol  identification.  Symbol  blur  was 
studied  at  ratios  of  2.82,  1.66,  .55  and  0.00.  Symbol  size  was 
examined  at  36.8,  26.8,  16.4  and  6.0  minutes  of  arc.  No  ambient 
illumination  was  specified,  but  the  surround  was  3.5  Ft.  Candles 
and  stimuli  prior  to  blur  transition  varied  from  46  to  134  Ft. 
Candles.  Brightness  contrast  levels  of  3,729  and  1,214  percent 
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were  also  studied.  Table  31  in  the  section  on  symbol  height 
presents  the  results  for  this  experiment. 

Generally,  accuracy  and  rate  of  symbol  identification  were 
better  for  the  larger  symbols.  Unaccep tan le  performance  was 
obtained  for  both  blur  and  ncn-blur  conditicxis  when  symbol  size 
was  reduced  to  6.0  minutes  of  arc. 

Blur  more  seriously  affected  the  smaller  brightness  con¬ 
trast  of  1,214  percent.  For  accuracy  of  identification  this 
contrast  at  the  larger  visual  angles  produced  only  a  4  to  10 
percent  decrease;  for  the  6.0  minute  of  arc  condition  a  27.6 
percent  decrease  occurred.  Just  the  opposite  decrease  occurs, 
however,  for  rate  of  symbol  identification;  for  the  larger 
visual  angles  a  0.10  to  0.23  second  decrease  in  rate  occurs, 
but  for  the  6.0  minute  of  arc  condition  a  very  small  .01  second 
decrease  was  found. 

For  the  higher  contrast  of  3,729  percent,  essentially  the 
same  qualitative  phenomena  occur,  but  to  a  much  smaller  degree. 

Frcxn  this  study  it  may  be  concluded  that  symbol  blur  tends 
to  be  less  detrimental  to  let'ter  legibility  idieh  syadaols  are 
larger  and  contrast  percentage  higher.  For  additipnal  considera¬ 
tions  of  CRT  image  blur,  see  section  an  display  resolution 
considerations. 

Conclusion 

Little  can  be  gleaned  from  this  non-CRT  study  for  CRT 
application.  It  may  be  generally  prescribed  for  design  purposes 
that  symbol  blur  be  avoided.  When  this  is  not  possible,  en¬ 
larged  letters  and  an  increased  contrast  percentage  will 
facilitate  legibility,  but  the  degree  of  facilitation  cannot  be 
predicted. 


MATRIX  SYMBOL  GENERATION  TECHMIQDES 


Introduction 


Matrix  or  dot  pattern  character  generation  techniques  ec^loy 
dots  or  line  segments  located  at  selectable  points  within  a 
matrix.  There  are  numerous  types  of  matrix  pattern  generators 
including  fixed  or  varicd>le  matrix  points  with  computer  stored 
dot  positions  provided  either  digitally  with  associated  digital- 
to-analog  conversion  circuitry  or  in  analog  with  digital  control 
circuits. ■ 

The  first  division  of  this  section  deals  with  CRT  matrix 
symbology  utilizing  digital  storage  and  digital  to  analog  con¬ 
version  circuitry.  The  second  division  reports  studies  relating 
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to  solid  state  matrix  symbology  which  incorporates  fixed  anaioc 
components  with  digital  control  circuitry. 

Cathode  Ray  Tube  Matrix  Symbols 

For  CRT  fixed-format  matrix  pattern  generator,  all  dots 
within  the  matrix  are  pulsed  in  incremental  steps  by  the 
electron  beam,  but  only  those  which  contribute  to  the  selected 
character  cure  unblcuiked.  The  blauiked  and  unblanked  dots 
composing  the  desired  character  are  selected  by  the  control 
logic  as  a  function  of  the  character  selection  code. 

CRT  stroke  patterns  axe  another  matrix  generation  technique. 
Stroke  symbols  are  a  function  of  «in  unblanked  electron  beam 
moving  as  a  stylus  to  define  the  shape  of  a  given  symbol.  The 
line  segments  forming  the  symbol  are  defined  by  fixed  end  points 
within  a  matrix. 

The  following  selected  studies  present  legibility  informa¬ 
tion  which  applies  to  CRT  matrix  formed  alphanumeric  characters . 

A  recent  study  was  conducted  by  Vartebedian  (Ref.  335)  on 
^ the  relationship  between  legibility  and  symbol  generation 
techniques  for  CRTs.  Two  character  generation  techniques  were 
evaluated:  dot  matrix  and  stroke  pattern.  Dot  matrices  of  5 
points  wide  by  7  high  (5  x  7)  and  7  points  wide  by  9  high  (  7  x 
9)  were  compared  with  stroke  characters  made  up  of  continuous 
line  segments  generated  within  a  9  wide  by  9  high  (9x9)  matrix. 
Segmented  symbols  utilized  .up  to  31  individual  stroke  segments 
whose  maximum  length  was  two  either  vertical  or  horizontal 
matrix  squares. 

Study  comparisons  were  made  of  the  following  parameters: 

(1)  symbol  generation  technique;  symbols  drawn  with  dots  vs. 
symbols  dram  with  continpbus  strokes,  (2)  dot  matrix  size:  5  x 
7  vs.  7x9  dot  matrices^/  (3)  symtel  orientation:  < vertical 
symbol  vs.  syxibols  slanted  20”  (right)  from  verti^l,  and  (4)  dot 
geometry,  circul2u:  dot  vs.  vertically  elongated  dcu:s.  Table  40 
presents  the  ejq>erimental  conditions  in  this  study. 

For  accuracy  and  speed  of  identification  (see  Table  41) , 
the  data  indicated  for  the  four  con^iarisans  made  that  the  dot 
matrices  were  significantly  (all  statistical  significances  in 
this  study  are  at  the  .01  level)  superior  to  the  stroke  symbol 
generation  technique  (5x7  not  significantly  better  than  stroke 
for  speed  of  identification)  and  the  7x9  dot  matrix  was 
significantly  better  than  the  5x7.  For  accuracy  of  identifica¬ 
tion,  a  vertical  symbol  orientation  was  significantly  superior 
to  the  slcuited  for  both  the  stroke  and  elongated  dot  generation 
techniques.  For  speed  of  symbol  identification,  the  vertical 
orientation  for  the  elongated  dots  was  significantly  better  than 
the  slanted,  but  no  significant  difference  was  found  between  the 
vertical  and  slanted  stroke  symbols.  Also,  circular  dots  were 
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Table  40.  Experiiaental  Conditions  for 
Vartebedian  Study. 


\ 


EXPERIMENTAL  CGNDITICNS 

Nunber  of  Subjects: 

23 

Horizontal  Spacing: 

Not  specified 

visual  Characteristics 
of  Subjects: 

Not  specified 

Symbol-Background  Relation: 
Light/Dark 

Symbol  Brightness : 

11  Ft.  Lamberts 

Background  Brightness: 

2  Ft.  Lamberts 

Number  of  Symbols: 

26  Letters 

10  Numbers 

Brightness  Contrast: 

450  Percent 

Symbol  Exposiire  Time: 

Response  Tine  to  Identifi¬ 
cation 

Ambient  Illumination: 

Not  specified 

Symbol  Font  or  Style: 

Stroke  Font  was  similar  to 
Leroy 

Symbol  Visual  Size: 

17.2  Minutes  of  Arc 

Symbol  Width/Height: 

75  Percent 

Viewing  Distance: 

28  inches 

Symbol  Stroke  Width/Height: 

Not  specified 

Viewing  Angle: 

Zero  degrees 
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superior  to  elongated  dots  for  accuracy  and  speed  of  identifica¬ 
tion  across  all  coapaxisons.  At  the  end  of  the  experinent  an 
interesting  subjective  evaluation  -.-as  aade  of  the  study  svthols. 
Subjects  were  asked  to  ramk-order  the  six  alphanuaeric  con¬ 
figurations  according  to  legibility  and  aesthetic  appearance 
where  1  was  best  and  6  was  worst.  Table  42  presents  the  a'/erage 
ranking  given  by  the  23  subjects.  This  evaluation  indicated 
that  subjects  nuch  preferred  the  appearance  of  the  vertical 
stroke  sj'nbols  and  considered  the  VQjrtical  stroke  and  7x9 
circular  dot  r::atrix  superior  in  legibility. 

It  is  noted  that  the  subjective  data  are  considerably 
different  from  the  objective  performance  data.  Vertical  stroke 
symbols  were  subjectively  considered  to  be  superior  in  legibil¬ 
ity  cind  were  most  preferred  in  appearance,  but  ecpirical  testing 
indicated  that  the  vertical  stroke  symbols  are  rank  orde  rd 
third  best  in  errors  and  second  in  viewing  time.  While  e 
7x9  circle  dot  was  subjectively  considered  to  be  seconc  nest 
in  both  legibility  and  appearance,  it  was  empirically  det^  nined 
to  be  superior  in  both  error  scores  and  viewing  title. 

From  Vartebedian  * s  results  and  summary  it  may  be  ccncl-ded 
that  slanted  symbols  and  elongated  dot  matrices  should  be 
avoided,  that  dot  matrices  are  as  good  or  better  than  stroke 
generated  symbols,  and  that  a  7  x  9  dot  matrix  is  better  than  a 
5x7. 

In  am  unpublished  preliminary  communication,  Anderson 
(Ref.  7)  reports  legibility  tests  for  dot  matrix  alphanuraerics 
viewed  on  a  Hewlitt-Packard  180-A  oscilloscope.  For  a  descrip¬ 
tion  of  the  experimental  vauriables  see  Table  44.  Using  both 
accuracy  and  rate  of  symbol  identification  ais  performance 
measures  of  legibility,  five  siibjects  viewed  symbols  at  a  .10 
second  exposure  time.  All  symbols  were  formed  in  a  7  x  9  matrix 
and  were  .095  inches  in  height  and  subtended  7  minutes  of  arc  at 
a  viewing  distance  of  46.56  inches.  A  Lincoln-Mitre  font  was 
used  and  the  particular  configuration  is  presented  in  Figure  75. 

Results  for  this  test  are  presented  in  Table  43  and  indi¬ 
cate  for  the  conditions  tested  that  subjects  were  capable  of 
98.14  percent  accuracy  and  120.64  characters  per  minute. 

Detailed  analysis  of  confusion  matrices  (see  Table  45)  indicated 
that  most  errors  occurred  for  only  a  few  symbols.  The  primary 
confusions  were  the  zero  with  the  letter  O,  V  with  the  U  and  the 
I  with  the  1. 

Experimental  limitations  including  no  reported  lumincuice 
values  and  an  extremely  rapid  exposure  time  limit  this  study's 
design  applicability.  It  may,  however,  be  concluded  that  CRT 
viewed  Lincoln-Mitre  alphanumeric  dot  matrices  are  hignly  legible 
even  for  the  relatively  small  symbols  presented. 


Table  41.  Average  Viewing  Time  and  Error  Rates 
for  the  Six  Conditions. 


Condition 

Viewing  Time 
(Seconds) 

Errors 

(Percent) 

5x7  Circle  Dot 

0.697 

2.9 

7x9  Circle  Dot 

0.602 

2.6 

Vertical  Stroke 

0.659 

4.5 

Slant  (20°)  Stroke 

0.677 

6.7 

7x9  Elongated  Dot 

0.678 

3.2 

7x9  Slant  (20°) 
Elongated  Dot 

0.814 

7.7 

Table  42.  Average 

Ranking  1-Best  to 
Six  Conditions. 

6-Worst  for  the 

Condition 

Legibility 

Appearance 

Vertical  Stroke 

2.5 

1.9 

7x9  Circle  Dot 

2.6 

2.7 

7x9  Elongated  Dot 

3.3 

3.6 

5x7  Circle  Dot 

3.7 

4.3 

Slcint  Stroke 

4.1 

3.7 

7x9  Slant 
elongated  Dot 

4.8 

4.9 

Table  43. 

Accuracy  and  Rate  of  Symbol 

Identification. 

Accuracy 

Rate 

Subject 

(Percent) 

( Symbols/Minute ) 

1 

97.64 

109.19 

2 

98.61 

128.43 

3 

97.36 

116.70 

4 

99.31 

131.35 

5 

97.78 

119.97 

Average 

98.14 

120.64 
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EXPERIMENTAL 

CONDITIONS 

Number  of  Subjects: 

5 

Horizontal  Spacing: 

Not  specified 

of  Subjects: 

20/20  Acuity  for  American 
Optical  Reading  Tests 


Number  of  Symbols: 

26  Letters 
10  Digits 


Symbol -Background  Relation 
Light/D2irk 


Symbol  Brightness : 
Not  specified 


Background  Brightness: 
Not  specified 


Brightness  Contrast: 
Ratio  given  as  10:1 


Ambient  Illumination: 
30  Ft.  Ccuidles 


Symbol  Font  or  Style: 


Lincx>  In/Hi  tre  adapted  to  a 
9x7  dot  matrix 


Viewing  Distance: 
46 . 56  inches 


Viewing  Angle: 
Zero  degrees 


Alphanumoric  RoapoiiMoii  Cunfuiiod  with  Stimuli 


Table  45.  Confusion  Matrix  for  Anderson  Study 
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Figure  75.  Lincoln/Mitre  Dot  Matrix  Alphanumerics 
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Gibney  (Ref.  138) ,  in  a  review  of  the  literature  dealing 
with  the  legibility  of  segmented  versus  standard  numerals,  found 
when  standard  arables  are  competred  with  segmented  numerals  they 
are  usually  found  to  be  more  legible.  Gibney's  thesis  is  that 
before  this  concliision  may  be  gr<mted,  a  careful  look  must  be 
taken  at  the  subject's  response  task  complexity.  Gibney  re¬ 
viewed  a  series  of  legibility  studies  where  the  differences 
between  standard  arable  numerals  and  segmented  numerals  becaiae 
insignificant  as  the  complexity  of  the  observer's  task  in¬ 
creased.  Table  46,  extracted  from  Gibney's  report,  presents 
studies  supporting  the  basic  tenet  of  his  thesis,  which  is,  that 
in  general,  for  the  more  complex  response  task,  no  significant 
differences  are  found  between  standard  arable  emd  segmented 
numerals. 

ffhile  a  close  examination  of  Gibney's  teible  reveals  some 
differences  (though  small  or  debatable)  between  task  con^>lexity 
for  those  studies  reporting  a  significemt  difference  in  perform¬ 
ance  for  standard  arable  vs.  segmented  numerals  and  those 
studies  not  reporting  a  signific2uit  difference  for  the  same 
caparison,  it  does  not  account  for  differences  in  methodologies 
or  consider  shifts  across  comparisons  in  performance  measure¬ 
ments.  Cross-study  methodological  inconsistencies  must  severely 
limit  any  conclusion  determined  by  an  examination  of  such  col¬ 
lective  results,  and  the  present  authors,  therefore,  are  not 
willing  to  agree  with  Gibney.  Gibney,  seemingly  ignoring  these 

limitations,  ooncltided,  ” - no  appreciable  decrement  in 

functional  legibility  is  to  be  expected  from  segmented  numerals 
in  applied  situations  where  tasks  are  typically  conplex*. 

He  teiig>ers  his  statement  with  a  mention  of  the  possibility 
that  this  phenomenon  may  be,  in  scu  respects,  a  statistical 
artifact.  This  seems  a  reason€d}le  assumption  since  as  response 
task  cos^lexity  increases  there  are  more  opportunities  for 
variability  to  enter  into  the  measurement  which  is  not  directly 
linked  to  legibility  factors.  As  the  within  groups'  variability 
increases  with  the  more  complex  response  task,  statistical  tests 
lose  the  power  to  show  significant  differences  between  the  two 
display  groups. 

In  Gibney's  review  a  reconnaendation  is  made  %diich  is  well 
stated  and  should  be  headed  by  all  display  researchers  intent 
upon  accurately  defining  standards  of  legibility  for  their 
systems  applications.  "At  present,  little  is  known  about  how 
these. variables  influence  legibility.  Future  research  on  legi¬ 
bility  should  be  conducted  under  conditions  which  most  nearly 
simulate  the  situation  for  which  the  proposed  design  is  in¬ 
tended”.  The  present  authors  heartily  agree  with  the  above 
statement.  However,  before  further  conclusions  may  be  drawn 
about  Gibney's  central  thesis  on  task  complexity  and  legibility, 
much  additional  research  data  will  have  to  be  reviewed  and 
analyzed. 
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Tachistoscopic 
preaantation . 


Conclusion 


For  CRT  display  design  considerations  of  matrix  formed 
alphanusterics,  it  may  be  concluded  that  (1)  slanted  symbols  and 
elongated  dot  matrices  be  avoided;  (2)  that  dot  matrices  be 
considered  as  good  or  better  than  stroke  generated  symbols;  (3) 
that  a  7  X  9  dot  matrix  be  considered  better  than  a  5  x  7  and, 
(4)  that  appcirently  (limited  study)  7x9  dot  matrix  symbols 
subtending  as  small  as  7  minutes  of  arc  are  highly  legible. 

Solid  State  Matrix  Symbols 

This  division  of  the  Matrix  Symbol  Generation  Techniques 
Section  addresses  the  legibility  of  solid  state  matrix  displays. 
The  variables  influencing  matrix  solid  state  display  legibility 
essentially  are  counterparts  of  similar  variables  influencing 
CRT  display  legibility.  This  is  primarily  due  to  the  common 
elements  which  ultimately  determine  the  resolution  features  of 
the  display  such  as  the  number  of  vertical  and  horizontal 
resolution  elaaents,  emitter  size  and  emitter  density. 

Although  the  resolv2d}le  elements  may  be  simil2ir,  Stenson 
(Ref.  377) ,  in  a  review  of  human  factors  considerations  of 
alphanumerics  for  EL  displays,  reports  a  study  by  McLean  and 
Miller  (Xtef.  378)  %rhich  indicates  that  EL  displays  may  not  bear 
the  sanie  readability  relationships  to  these  variables  as  do 
conventional  displays.  For  a  more  comprehensive  description 
and  analysis  of  the  resolution  components  of  solid  state 
displays,  see  the  report  section  addressing  display  system 
resolution. 

The  following  selected  studies  present  legibility  informa¬ 
tion  which  applies  to  solid  state  matrix  formed  alphanumeric 
characters . 

From  tests  conducted  at  Radio  Corporation  of  America  in 
1960  (Ref.  24) ,  Stephenson  and  Schiffler  (Ref.  323)  report, 
without  supporting  information,  that  a  38-segment  electrolumi¬ 
nescent  (EL)  display  represented  a  significant  increiu^e  in 
perfpzmance  over  a  14-segment  design.  Five  years  later  at  the 
Rome  Air  Development  Center,  Levy  and  Russo  (Ref.  215)  reported 
that  a  23-segment  font  is  "generally  acknowledged"  to  be 
superior  when  compared  with  fonts  of  fewer  segments,  yet  they 
offer  no  empirical  support  for  their  claim.  Stephenson  and 
Schiffler  (Ref.  323)  responsed  to  the  implications  of  these 
reports  and  designed  a  study  to  test  the  legibility  of  five 
representative  EL  matrices  of  varying  segment  numbers. 

Segment  fonts  of  16,  17,  23,  27  and  38  elements  were 
studied  (see  Figures  76,  77,  78,  79  and  80).  Table  47  presents 
the  characteristics  of  these  segmented  symbols.  The  legibility 
of  these  five  fonts  was  measured  at  three  visual  angles:  10, 
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Figure  77-  Seventeen  Segment  Alphanumerics . 
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Figure  78.  Twenty-three  Segaent  Alphanumerics . 
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Figure  79.  Twenty-seven  Segaent  Alphanumerics. 
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Thirty-eight  Segment  Alphanumerics. 
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15  and  30  minutes  of  arc.  ‘  Four  subjects  (20/30  visual  acuity  or 
better)  viewed  26  letters  and  10  numbers  at  an  exposure  time  of 
.25  seconds  with  cm  average  syndbol  luminance  of  6.60  Ft.  Lamberts 
and  a  contrast  of  4,614  percent. 

For  accuracy  of  identification,  an  examination  of  Table  48 
indicates  that  of  the  five  fonts  tested,  the  16  and  23  segment 
styles  were  slightly  more  legible.  As  Table  47  indicates,  there 
are,  however,  numerous  factors  which  may  have  tended  to  confound 
these  study  results.  Variations  in  font,  width-to-height,  strohe- 
width-to-height,  slanted  vs.  vertical  symbology  and  brightness 
could  have  been  the  basic  reason  for  performance  differences, 
rather  than  the  manipulated  variable  segment  number.  It  is 
observed,  however,  that  no  EL  font  tested  reached  an  acceptable 
systems  design  level  of  reading  accuracy.  The  highest  accuracy 
of  identification  obtained  was  95.1  percent  for  the  23  segment 
font  at  30  minutes  of  visual  angle.  Reading  accuracy  must  ap- 
proach  100  percent  to  be  acceptable  to  systems  design,  and 
generally  the  legibility  scores  shown  in  Table  48  ranged  in  the 
80  percent  region.  It  is  not  possible  to  predict  the  relative 
performances  of  these  fonts  when  conditions  permit  reading 
accuracy  to  approach  100  percent  correct  identifications. 

A  close  examination  of  the  error  scores  tabulated  in  study 
confusion  matrices  indicates  that  the  error  scores  for  the  17, 

27  and  38  character  sets  occurred  for  a  few  specific  characters. 
This  would  suggest  that  much  of  the  weakness  of  the  seemingly 
poorer  character  designs  can  be  attributed  to  a  few  poorly 
designed  letters  or  numerals. 

Based  on  the  data  and  the  experimental  limitaticms  already 
cited,  Stephenson  and  Schiffler  conclude,  "The  small  advantage 
for  the  16  and  23-segment  character  is  probably  of  little 
practical  significance.  Because  of  its  much  lower  cost  and 
coa^lexity,  however,  the  16-segment  font  must  be  1 1  i  i  mmi  iiili  i1 
for  future  application  to  EL  generated  alphanumeric  displays." 

With  this  conclusion  the  present  authors  are  uncertain. 

Due  to  the  unkno%m  effects  of  the  experimental  limitations 
cited,  it  is  impossible  to  accurately  predict  the  significance 
of  these  findings  for  design  purposes.  It  is  therefore  recom¬ 
mended  that  these  data  be  used  only  as  an  indication  of  a 
probable  legibility  trend.  Certainly  these  data  stimulate  the 
apparent  need  for  a  precise,  design-oriented  investigation  of 
EL  font^. 

King  et  al.  (Ref.  208)  recently  published  a  study  in  which 
subjects  read  three-digit  numbers  from  seven-segment  electro¬ 
luminescent  readouts.  Numeral  height  and  width  were  0.40  inches 
^  and  0.28  inches  respectively.  Stroke  width  of  each  segment  was 
0.05  inches.  Viewing  distance  was  28  inches.  The  c^jective  of 
the  study  Wcis  to  determine  legibility  and  "comfort- level"  bright¬ 
ness  contrast  percentages  for  the  light-emitting  displays  for 
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Table  47.  Sumaary  of  Font  Characteristics. 


Number  of  Elements 

16 

17 

23 

27 

38 

Manufacturer 

RCA 

Stromber^- 

Carlson 

Kearfott 

RCA 

RCA 

Width- to-Height 

(Percent) 

75 

66.7 

73.3 

66.7 

62.5 

Stroke-Width-to- 

Height  (Percent) 

S.25 

13.3 

6.7 

13.3 

12.5 

Table  48.  Percent  Correct  Response. 


Visual 

Angle 

Number  of 

16  17 

Segments  in  Font 

23  27  38 

Average 

30 

90.2 

90.9 

95.1 

88.1 

86.8 

90.2 

15 

85.4 

79.9 

90.9 

84.7 

84.7 

84.9 

10 

89.5 

79.1 

84.7 

75.6 

75.6 

80.9 

Average 

88.3 

83.0 

90.2 

82.8 

82.3 

85.3 
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cockpit  illiainatinn  conditions  ranging  from  zero  to  10,000  Ft. 
Lamberts.  King  et  al.  used  a  legibility  criterion  requiring 
correct  reading  of  three  series  of  random  three-digit  numbers 
displayed  on  the  seven-segment  readouts.  They  report  that,  even 
with  minimal  contrast,  pilots  could  read  the  numeric  readouts 
consistently  with  100  percent  accuracy.  They  do  report,  however, 
that  the  amount  of  time  required  to  read  the  display  was  signif¬ 
icantly  greater  when  the  displays  were  operated  at  ounimum 
legibility  contrast  percentages  than  when  the  displays  were 
operated  at  higher  contrast  percentages  judged  by  the  pilots  to 
be  ~comfortcibly”  bright.  Mean  reading  time  at  the  minimum 
legibility  contrast  percentages  levels  was  2.5  seconds,  while 
mean  reading  time  reduced  to  1.2  seccxids  for  the  higher  "comfort- 
level”  contrast  percentages.  Each  of  the  above  reading  times 
includes  approximately  0.5  seconds  required  for  the  subjects  to 
depress  a  hand-held  response  button. 

Conclus ion 

At  this  time  it  is  not  possible  to  specify  with  any  degree 
of  certainty  the  optimum  solid  state  matrix  alphanumeric 
configuration.  The  study  by  Stephenson  and  Schiffler  (Ref.  323) 
leads  us  to  conclude  that  simply  enlarging  the  number  of  segments 
coi^>osing  EL  symbols  does  not  necessarily  result  in  improved 
accuracy  of  identification.  Also,  it  is  noted  that  most  of  the 
errors  recorded  were  for  a  few  poorly  designed  letters  or 
numerals  %rhich  would  suggest  selective  redesign  of  the  characters 
to  iBq>rove  legibility.  Finally,  the  study  by  King  et  al.  (Ref. 
208)  suggests  tiiat  seven-segment  EL  numeric  readouts  %rhen  read 
100  percent  correctly  require  1.2  seconds  viewing  time  (includ¬ 
ing  0.5  seccxid  required  to  depress  a  hand-held  response  button) 
when  characters  are  read  at  high  "comfort- level  con*  reist 
percentages." 


RESEARCH  REQDIREMENTS 


Introduction 

Nhile  it  is  known  that  over  half  the  experimental  investiga¬ 
tions  of  symbology  deal  with  sane  aspect  of  alphanumerics ,  it  is 
readily  apparent  from  an  examination  of  the  previous  teclinical 
section  that  further  resecirch  is  required  to  adequately  define 
legibility  requirements  for  alphanumeric  symbology  used  in  an 
electronic  display  context.  This  applies  to  CRTs  incorporating 
both  raster  and  caliographic  presentation  techniques  and  to 
solid  state  matrices  such  as  electroluminescent  displays.  Vfhile 
some  vauriables  affecting  legibility  logically  ^ply  to  all 
electronic  symbol  generaticn  techniques  such  as  symbol  height 
and  width- to-height,  some  variables  are  peculiar  to  the  particu¬ 
lar  generation  technique  used  such  as  emitter  size  for  solid 
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state  symbology.  In  any  case,  all  alphanumerics  for  electronic 
display  application  should  be  directly  concerned  with  the  legi¬ 
bility  of  capital  letters,  numerals  or  words.  Only  objective 
studies  requiring  visually  screened  subjects  to  actually  identify 
symbols  or  words  under  controlled  conditions  should  be  conducted. 
These  should  be  used  in  lieu  of  studies  incorporating  a  subject¬ 
ive  or  judgemental  methodology  which  does  not  produce  numerical 
data  relating  to  the  vie%#ers  ability  to  identify  symbols  or  read 
words.  Subjective  evaluations,  however,  may  be  used  to  deter¬ 
mine  subject  preferences  and  these  data  then  may  be  related  to 
objectively  determined  perfozmance  data. 

Many  pcutt  alphanumeric  legibility  studies  have  incorporated 
extremely  fast  exposure  times  or  dim  illumination  levels  to 
introduce  large  error  scores  which  can  be  analyzed  cuid  ccxnpared 
statistically.  The  rationale  for  doing  this  is  based  on  the 
assua^tion  that  an  alphanumeric  configuration  which  performs 
well  under. hhese  eonditions  will  also  perform  better  under 
operational  conditions.  As  previously  pointed  out,  however, 
this  has  not  always  held  true.  Consequently,  for  purposes  of 
increasing  error  scores  or  stressing  the  subject  in  legibility 
studies,  it  is  recommended  that  an  increased  workload  be  imposed 
on  the  subjects.  Under  these  circumstances,  viewing  times  can 
then  be  studied  as  the  subject  controlled  latency  from  symbol 
exposure  to  symbol  identification.  Likewise,  illumination  levels 
can  be  raised  to  reflect  the  operational  range  encountered  in 
the  environment.  This  approach  to  viewing  time  and  higher 
illumination  levels  will  undoubtedly  reduce  error  scores,  perhaps 
to  zero.  If  this  occurs,  then  accuracy  of  identification  will 
approach  100  percent  (the  only  operationally  acceptaUole  level) 
and  the  analysis  would  consist  of  two  factors:  (1)  the  statisti¬ 
cal  differences  in  speed  or  rate  of  symbol  identification  and 
(2)  the  use  of  confusion  matrices.  The  use  of  confusion  matrices 
would  allow  individual  analysis  of  the  symbols  both  for  speed  or 
rate  and  accuracy  (if  any  errors  occtir)  .  This  would  eliminate 
difficulties  in  interpreting  the  relative  superiorities  of 
alphanumerics  which  arise  from  the  averaging  of  performance 
across  all  symbols.  When  performance  deficiencies  for  individ¬ 
ual  symbols  are  established,  then  design  manipulation  of  the 
characteristics  of  those  individual  symbols  to  improve  perform¬ 
ance  would  be  feasible.  This  would  eliminate  much  inefficiency 
involved  in  developing  whole  new  sets  of  alphanumerics  instead 
of  simply  inq>roving  problem  symbols  existing  in  an  already 
proven  set.  . 

The  total  number  of  design  variables  which  must  be  con¬ 
sidered  in  generating  design-oriented,  geheralizable  legibility 
data  is  quite  large.  The  effects  of  combinations  of  variables, 
varicible  interactions  and  ranges  of  variables  are  critical  in 
producing  design-oriented  data.  While  much  of  the  research  in 
alphanumerics  is  at  the  applied  level  and  developed  primarily 
-to  answer  specific  questions,  researchers  should  make  every 
attempt  to  study  legibility  as  effected  by  all  relevant  factors. 
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Factors  under  research  consideration  should  be  systeaatically 
studied  throughout  their  entire  ranges  and  not  just  at  selected 
values  determined  by  a  specific 'usage.  Dltimately,  researchers 
should  attempt  to  develop  general  principles  of  symbol  legibil¬ 
ity  rather  than  just  answering  specific  questions  raised  by  a 
particular  application. 

The  following  research  requirements  are  based  on  electron¬ 
ically  generated  capital  letters  and  numbers  which  are  directly 
viewed  by  visually  screened  subjects  at  a  28-inch  viewing 
distance. 

As  many  of  the  variables  listed  in  Table  49  as  possible 
should  be  investigated  across  as  much  of  the  specified  range 
of  these  variables  as  is  feasible.  In  instances  where  this 
cannot  be  done,  each  of  these  variables  should  be  quantified  and 
rigorously  controlled  as  an  independent  variable  in  the  research. 
This  approach  is  necessary  because  of  the  large  nuadier  of  inter¬ 
active  variables  influencing  alphanumeric  legibility. 

Font  or  Style 

The  applicability  of  ncm-CIlT  research  to  a  C8T  operational 
situation  is  complicated  by  the  variations  in  ali^iannmeric 
legibility  induced  by  the  method  of  symbol  generation  and  display 
media.  In  the  face  of  the  large  amount  of  non-CST  font  work 
already  cookie  ted,  it  is  recommended  that  further  font  research 
for  electronic  display  devices  be  conducted  specifically  on  CRTs. 
The  non-CRT  and  CRT  fonts  found  to  be  generally  superior  are 
listed  in  Table  49.  Cross  ccHoparisbns  (using  recommended  per¬ 
formance  measures  and  analysis  procedures)  of  these  fonts  across 
the  other  conditions  in  Table  49  would  be  useful  in  establishing 
which  one  is  generally  superior  to  the  others.  Subsequent  dO* 
font  research  could  then  be  conducted  to  improve  any  problem 
symbols  existing  in  the  best  of  these  fonts  until  ultimately  a 
single  most  acceptable  CRT  font  is  develc^>ed.  This  font  could 
then  be  standcirdized  for  electrc»ically  generated  alphanumeric 
symbology  with  a  broad  base  of  eipirically  established  data  for 
effective  design  considerations.  For  research  recommendations 
on  other  than  alphaLnumeric  symbols,  see  section  on  informaticxi 
coding. 

Symbol  Size  emd  Proportion 

Uscible  electronic  display  research  on  symbol  size  and 
proportion  is  virtually  a  data  void  with  the  exception  of  sexae 
recent  vork.  conducted  by  the  Mitre  Corporation.  To  rectify  this 
data  void  the  symbol  size  and  proportion  figures  for  the  non¬ 
electronic  display  alphanumeric  research  reported  have  been 
examined  to  determine  those  values  %diich  might  best  serve  to 
establish  basic  research  requirements  for  electronic  displays. 

It  is  therefore  recommended  that  a  symbol  height  of  10  to  30 
minutes  of  visual  angle,  symbol  widths  of  30  to  110  percent  of 
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Table  49.  Itesearch  RecaoBendations :  A  Sumoary 


VARIABLE  VARIABLE  RANGE 


Font  Mack%K5rth 

Li  nco  In/Mi  tre 
Leroy 

Mil-M-18012 
Landsdell 
Foley /Landsdell 


Symbol  Height 
Symbol-Width-to-Height 

I 

Symbo 1 - S troke -Wi d th - to-He i gh t 
Brightness 

Panel  Mounted  Displays 
Head-Op  Displays 

Resolution 

Active  scan  lines  per 
Symbol  Height 
Raster  Lines 


Bandwidth 
Symbol  Spacing 
yielding  Angle 


Edge  (Off-Center  of  Tube) 
Displayed  Symbology 


10  to  30  minutes  of  arc 
30  to  110  percent 
5  to  30  percent 


.1  to  1,000  Ft.  Lamberts 
.1  to  8,000  Ft.  Lamberts 


10  (minimum) 

525  and  945  line  systems 
(others  as  appropriate  or 
available) 

1  to  20  megacycles 

5  to  100  percent  of  syi^ol  height 

Establish  the  angle  off  of 

direct  viewing  which  produces 
a  significant  decrease  in 
legibility  in  terms  of  both 
speed  and  accuracy  of  identifi¬ 
cation  . 

Horizontal,  vertical  and  oblique 
displacements,  0  to  100  percent 
from  the  center  in  10  percent 
intervals. 
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height  and  symbol  stroke  %ridths  of  5  to  30  percent  of  height  be 
investigated  on  CRTs  for  as  many  of  the  variables  in  Table  49 
as  is  possible  and  across  as  much  of  the  variable  range  indi¬ 
cated  as  is  feasible. 

Symbol  Spacing 

Symbol  spacing  refers  to  the  space  or  interval  between 
adjacent  symbols  expressed  as  a  percentage  of  symbol  height. 
Symbol  spacing  from  4.8  to  63.2  percent  have  been  reported  for 
nun -electronic  display  studies  with  limited  conditions  of 
brightness  and  symbol  size.  It  i'>  therefore  recommended  that  a 
more  comprehensive  range  from  5  to  100  percent  be  investigated 
on  CRTs  across  as  many  of  the  conditions  indicated  in  Table  49 
as  is  feasible.  This  will  establish  a  more  complete  and  useful 
design -oriented  data  base. 

words 


It  is  recommended  that  %K>rd  legibility  and  alphanumeric 
symbol  legibility  be  tested  under  identical  experimental  condi¬ 
tions  on  a  CRT  which  is  capable  of  manipulating  symbol  spacing, 
resolution  and  brightness  factors.  This  would  enable  realistic 
comparisons  of  word  vs.  symbol  legibility  that  could  be  applied 
to  an  operational  design  situation. 

Edge  (Off-Center  of  Tube)  Displayed  Symbology 

Edge  displayed  symbology  refers  ^o  symbols  viewed  at  other 
than  the  center  of  a  CRT.  Very  little  research  has  been  reported 
on  this  subject  and  that  «hich  has  does  not  report  the  exact 
position  on  the  CRT  trhere  the  symbology  was  viewed.  It  is 
therefore  recoanended  that  future  research  begin  by  first 
establishing  symbol  legibility  at  the  center  of  the  tube,  then 
successively  moving  the  symbology  peripherally  (a  specified 
percentage  of  the  distance  from  center  to  edge)  to  re-establish 
synhol  legibility  for  each  successive  step.  The  legibility  data 
could  then  be  plotted  as  a  function  of  displaooKnt  percentage. 

Moreover,  it  is  recoanended  that  0  to  100  percent  horizon¬ 
tal,  vertical  and  oblique  displacements  from  the  center  be  .  . 
investigated  in  10  percent  intervals.  The  symbology  viewed 
should  be  varied  across  as  many  of  the  conditions  in  Table  49 
as  possible. 

Viewing  Angle  . 

It  is  recommended  that  the  angle  off  of  the  normal  viewing 
angle  which  produces  a  significant  decrease  in  legibility  in 
terms  of  both  speed  and  accuracy  of  identification  be  determined 
for  as  many  of  the  conditions  in  Table  49  as  possible. 
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Sybol  ■  Blur 

Syabol  blur  ratios  frosi  0.00  (no  blur)  to  2.0  should  be 
investigated  in  saall  increments  on  CRTs  for  both  accuracy  and 
speed  of  symbol  identification  for  as  many  conditions  in  Table 
49  as  is  technically  feasible.  Also,  careful  attention  should 
be  given  to  the  analysis  of  confusion  matrices  generated  from 
blurred  symbol  data. 

Matrix  Symbol  Generation  Techniques 

Cathode  Ray  Tube  Matrix  Symbols.  It  is  recommended  that 
further  research  such  as  that  performed  by  Vartebedian  (Ref. 
335)  be  conducted  for  a  vertically  oriented  7x9  (others  as 
technically  available)  dot  matrix.  This  symbol  csonfiguration 
should  be  tested  under  variations  of  luminance,  contrast  per¬ 
centage,  ambient  illumination,  symbol  height  a^  viewing  angle. 
See  Table  49  for  ^proximate  ranges  of  these  variables. 

Solid  State  Matrix  Symbols.  It  is  recoammnded  that  EL 
displays  from  7  to  38  segments  with  equal  widtb-to-heights  and 
stroke-width-to-heights  be  tested  for  speed  and  accuracy  of 
identification  using  both  gross  scores  and  individual  symbol 
analysis  in  confusion  matrices.  All  symbols  tested  should  be 
vertically  oriented  at  a  constant  brightness  and  a  28-inch 
viewing  distance.  Variations  in  ambient  illumination  and 
contrast  percentage  should  be  emphasized  in  conjunction  with 
identification  with  and  without  workload  stress. 
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SECTION  VI 


SCALE  LEGIBILITY  CONSIDERATIONS 

INTRODOCTION 


In  a  gross  sense,  displays  can  be  categorized  as  static  or 
dynamic.  Static  displays  may  be  considered  as  those  whicn 
present  the  same  information  over  time.  Typical  examples 
include  signs,  markings,  labels  and  maps.  Dynamic  displays,  on 
the  other  hand,  present  information  ifhich  is  subject  to  changes 
over  time  and  which  is  intended  to  inform  the  observer  of  the 
status,  condition  or  value  of  a  parameter  of  information  such 
as  altitude  or  airspeed.  Obvioiisly,  much  of  the  information 
presented  to  the  pilot  involves  dynamic  displays.  This  section 
ciddresses  the  readability  of  dynamic  cockpit  information 
displays  incorporating  scales. 

Dynamic  displays  present  information  in  coded  form.  In 
the  cockpit,  much  of  the  information  which  is  coded  for  display 
must  be  read  quantitatively,  and  the  manner  in  which  such 
information  is  coded  can  have  a  marked  influence  upon  quantita¬ 
tive  display  reading  times  and  accuracies. 

In  their  review  of  electrically  and  optically  generated 
displays,  Ketchel  and  Jenney  (Ref.  206)  have  indicated  that 
electronic  flight  displays  may  contain  examples  of  practically 
every  type  of  information  coding  technique  commonly  used  today 
in  electromechanical  instruments.  It  would  appear,  therefore, 
that  all  of  the  "old*  scale  reading  problems  will  exist  in 
electronically  generated  flight  displays,  and  that  the  old 
problems  may  be  cooq^lemented  by  some  new  problems  %diich  are 
directly  related  to  the  new  display  medium. 

The  objective  of  this  section  is  to  identify,  discuss  and 
present  experimental  data  on  the  influences  of  the  following 
research  and  scale  design  factors  upon  the  pilot's  ability  to 
perform  quantitative  instrument  reading  tasks: 

-  Considerations  of  Display  Integration 

-  Considerations  of  Research  Methodology 

-  Mission-Imposed  Scale  Reading  Accuracy  Requirements 

-  Scale  Shape  (Circular,  Vertical  or  Horizontal) 

-  Non-Linearity  of  Scales 

-  Numbering  Scale  Interval  Values 

-  Scale- to-Readline  Distance 

-  Stroke  Width  of  Scale  Markings 

-  Subdividing  Major  Scale  Intervals 

-.  Scale  Interpolation 

-  Checkreading  Cues 
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The  iapact  of  the  design  f2u;tors  listed  above  are  not 
unique  to  electronically  generated  flight  displays.  Indeed, 
none  of  the  experuaenfal  literature  which  was  reviewed  in  rela- — 
tion  to  these  design  factors  was  generated  in  an  electronic 
display  context.  Nonetheless,  these  factors,  and  wore,  must 
be  considered  in  designing  electronically  generated  flight 
displays.  Furthemore,  a  critical  review  of  the  available 
literature  indicates  that  data  regarding  the  impact  of  these 
design  factors  are  not  as  ccxisistent  and  oonclusisive  as  many 
authors  seem  to  imply.  Finally,  there  appears  to  be  sufficient 
evidence  to  warrant  caution  in  unquestioned  application  of  scxne 
research  findings  generated  in  the  context  of  the  'printed 
medium'  to  the  electronic  display  medium.  A  review  of  existing 
data  is  a  necessary  prerequisite  for  identifying  necessary 
research  requirements  for  electronic  displays. 

Finally,  the  reader  will  note  that  the  effects  of  vibration 
and  g-force  upon  scale  reading  are  not  contained  in  the  above 
listing.  Data  on  the  iiq>act  of  these  variables  upon  display 
reading  will  be  found  in  the  report  section  dealing  %rith 
environmental  factors.  The  reader  also  will  note  that  important 
electronic  display-related  factors  such  as  contrast  ratio, 
vertical  resolution  and  bandwidth  are  not  contained  in  the  above 
listing.  Data  on  these  considerations  are  found  in  report  sec¬ 
tions  dealing  with  contrast  and  resolution  requirraents  respec¬ 
tively.  For  dynamic  displays  based  solely  upon  numeric  readouts, 
the  reader  is  referred  to  the  report  section  dealing  with 
alphanumerics .  For  qualitative  "on  versus  off”  indications, 
the  reader  is  referred  to  the  section  dealing  with  information 
coding . 


CXMSIOeRATIONS  OF  DISPIAT  INTEGRATION 


Numerous  features  under  the  control  of  the  display  designer 
can  impact  upon  the  ability  of  the  pilot  to  extract  quantitative 
information  from  straight  or  circularly  scalled  dynamic  displays. 
Although  admittedly  an  over-siagilification,  bcmtrollable  design 
features  may  be  categorized  into  one  of  two  fundamental  classes: 
(a)  single-thread  design  features,  such  as  sule  factor  or 
number  of  graduation  marks,  which  influence  t^e  €>bserver's 
cibility  to  read  even  the  most  simple  and  straight-forward  dis¬ 
play  types;  and  (b)  factors  of  display  format  and  interaction, 
such  as  the  use  of  multiple  scales,  multiple  pointers  or  combi¬ 
nations  of  scales  and  readouts  into  an  integrated  display  of 
related  information. 

Legitimately,  single- threcid  features  cannot  be  considered 
independently  in  predicting  the  total  usefulness  of  a  particular 
display  design.  For  example,  numerous  studies  con^iaring 
alternative  designs  of  either  round  dial  or  vertical  scale 
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altimeters  have  found  statistically  significant  and  operational¬ 
ly  practical  differences  in  display  reading  time  and  reading 
errors  among  displays  which  were  similar  in  size,  scale  factor, 
number  of  scale  graduation  marks  and  the  range  of  altitude' 
displayed.  Simon  and  Roscoe  (Rhf.  308)  also  have  shown  that 
properly  ctmobining  separate  items  of  scaled  information  (verti¬ 
cal  velocity,  barometric  altitude  and  command  altitude)  into  a 
single  integrated  display  can  result  in  improved  pilot  decision 
making  performance. 

Many  factors  other  than  those  discussed  subsequently  in 
this  section  influence  the  final  usefulness  of  any  display 
design.  Although  single-thread  scale  design  reccanmendations  are 
referenced  in  subsequent  pages,  the  reader  vill  not  find  a 
comprehensive  review  and  analysis  of  studies  which  ei^hasize 
display  format  or  integration.  The  authors  are  aw^e  of  the 
vital  ii^>ortance  of  these  factors.  However,  we  a^so  are  aware 
that  no  magic  exists  in  the  integration  of  various  p<irameters; 
any  single  parameter  cannot  be  read  more  accurately  in  an  inte¬ 
grated  display  than  it  could  be  read  as  a  separate  display,  at 
least  in  terms  of  proper  single-thread  scale  design  considera¬ 
tions.  Furthermore,  within  the  context  of  cockpit  displays, 
practically  all  research  relating  to  scale  design  has  been 
conducted  within  the  constraints  of  electromechanical  display 
design.  It  would  appear  that  ^any  display  format  and  integra¬ 
tion  problems  associated  with  electromechanical  designs  need  not 
be  present  in  electronic  flight  data  displays  because  of  the 
seemingly  limitless  design  flexibilities  which  this  mediina 
offers.  Additionally,  even  a  cursory  review  of  the  proliJ^era- 
ticxi  of  electronically  generated '-flight  display  formats  indicates 
that  at  least  seme  display  design^s  have  successfully  com%ived 
of  entirely  novel  horizons  in  display  formats  and,  most  likely, 
in  human  performance  problems  induced  by  the  new  formats  for 
which  no  design  guidelines  exist. 

The  technical  content  of  this  sdetion,  therefore,  does  not 
address  the  important  factor  of  displhy  integration.  Rather, 
it  emphasizes  scale  design  variables  trhich  are  most  directly 
associated  with  accuracy  and  reading  times  for  individual 
quantitative  scales. 


CONSIIgRATlONS  OF  RESEARCH  METHODOLOGY 

\ 

Not  all  data  are  good  data.  Subsequent  pages  within  this 
section  review  display  legibility  research  with  the  objective  of 
drawing  objectively-based  conclusions  regarding  scale  design  for 
electronic  flight  displays.  Certain  constraints  were  placed 
upon  the  selection  and  interpretation  of  the  hvman  performamce 
data  which  are  presented  below,  and  further  restrictions  must  be 
placed  upon  generalizing  the  design  criteria  directly  to 
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electronic  flight  display  application.  The  constraints  arise 
prijBarily  froa  aspects  of  the  methodologies  of  the  research 
which  was  reviewed.  Obviously,  studies  were  not  considered 
when  experimental  control  of  relevamt  variables  was  not 
apparent.  Beyond  this,  however,  four  additional  methodological 
considerations  bear  directly  i^>on  the  generalization  of  past 
research  findings  to  electronic  flight  display  design,  or  for 
that  matter,  to  electromechanical  display  design. 

Of  primary  concern  for  the  design  of  electronic  flight 
displays  is  the  fact  that,  during  the  last  quarter  of  a  century, 
all  of  the  scale  design  research  which  was  identified  and  re- 
viewd  was  performed  within  the  context  of  electromechanical 
indicators.  Although  it  may  be  anticipated  that  many  of  the 
design  principles  and  guidelines  developed  for  electrcmiechanical 
instruments  should  apply  equally  well  to  electronic  displays,  a 
degree  of  ccmservatism  is  warranted  in  unquestioned  generaliza¬ 
tion  of  scale  design  findings  i#hich  may  be  significantly 
effected  by  the  electronic  display  medium.  Of .  particular 
concern  are  the  effects  which  number  of  active  raster  lines, 
bandwidth,  read-line  ccmfiguration,  edge  gradients  and  contrast 
ratio  variations  may  have  vqpon  the  pilot's  ability  to  identify 
and  discriminate  among  or  interpolate  between  minor  graduation 
marks  of  the  sizes  generally  recommended  for  printed  dial  faces. 
Onforttmately,  no  clearly  definitive  studies  were  found  which 
examined  these  variables  in  line  written  or  raster  display 
contexts.  A  review  of  ccmsidcrable  amounts  of  other  human 
performiance  data,  however,  indicates  that  very  real  problems 
may  exist  in  the  area  of  scale  legibility  on  electronic  flight 
displays  if  current  human  factors  standards  are  applied  directly. 
This  topic  is  discussed  further  under  research  reconmendations . 

A  second  methodological  consideration  is  the  amount  of  time 
which  subjects  spent  viewing  dach  esqperimental  scale  design  in 
the  studies  which  were  reviewed.  In  order  to  induce  "stress" 
and  reading  errors  into  experimental  situations,  numerous 
researchers  have  carefully  and  systematically  controlled  display 
viewing  time  to  periods  as  brief  as  75  milliseconds  (Refs.  66 
and  67)  .  Studies  of  pilot  eye  fixations  during  instriiment 
flight  (e.g..  Refs.  121,  125,  139  and  140),  on  the  other  hand, 
have  consistently  shown  that  the  durations  of  eye  fixations  on 
a  variety  of  types  and  kinds  of  flight  instruments  ranging  from 
1950  vintage  displays  through  current  Air  Force  integrated 
instruments  vary  from  approximately  300  to  700  milliseconds. 
Serious  questions  arise  not  only  regarding  the  face  validity  of 
studies  using  such  brief  exposure  time,  but  also  regarding  tlie 
predictive  validity  and,  therefore,  the  design  utility  of 
results  produced  by  such  studies. 

In  two  classic  experiments,  Christensen  (Refs.  66  and  67) 
compared  instrument  reading  performance  at  five  different  view¬ 
ing  times  (75,  150,  300,  600  and  1,200  milliseconds)  .  Aside 
frcoi  showing  that  probcibility  of  misreading  the  instruments 
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decreased  markedly  as  vising  time  increased,  he  also  irividly 
demonstrated  that  relationships  discovered  at  one  viewing  time 
became  insignificant  and  even  reversed  at  other  viewing  times. 
This  trend  was  particularly  pronounced  in  the  moving  pointer 
versus  moving  scale  ooog>arisans .  For  exposures  tq>  to  and  in¬ 
cluding  300  milliseconds,  mean  probability  of  display  reading 
error  was  cipproximately  8%  less  for  the  moving  scale  display. 
However,  at  and  above  600  milliseconds,  mean  reading  error  was 
approximately  5%  greater  for  the  moving  scale  display.  The 
interaction  of  display  type  reading  time  was  statistically 
significant  at  the  .01  level.  Similar  reversals  also  have  been 
reported  by  Elkin  (Ref.  115),  and  studies  by  Grether  (Ref.  148), 
Coonan  and  Klemmer  (Ref.  89)  and  Thomas  (Ref.  329)  provide 
evidence  of  such  an  effect.  As  Christensen  points  out  (Ref.  66) 
the  use  of  brief  exposure  times  as  a  means  of  inducing  display 
reading  error^  so  that  statistically  reliable  differences  may 
be  established  amoog  dials  gives  rise  to  grave  questions  regard¬ 
ing  the  validity  of  such  results.  From  a  design  stanc^int,  it 
also  is  «q>parent  that  short  esqposiire  data  cannot  be  generalized 
to  longex^-duraticxl  cases. 

A  third  methodological  consideration  involves  the  amoi^t 
of  time  whi<di  eiqperimental  subjects  spent  reading  experimental 
scales  in  studies  where  displc^  viewing  time  was  not  directly 
controlled  as  an  eiq>erimental  variable.  In  this  type  of  study, 
experimental  s^dijects  were  allowed  as  much  viewing  time  as  they 
needed  to  accurately  read  each  displ^,  with  reading  time 
typically  having  been  recorded  as  a  measure  of  operator 
performance. 

Senders  and  ojhen  (Refs.  82  and  296)  and  Hake  and  Gamer 
(Ref.  154)  were.ammig  the  first  to  consider  that  the  amounts  of 
time  %fhich  subjects  required  to  read  instruments  in  laboratozy_ 
experiments  were  frequently  much  longer  than  pilot  eye  fixation 
times  recorded  in  simulated  or  actual  flight  settings.  Studies 
are  reported,  in  fact,  in  which  experimental  reading  times  have 
been  as  niuch  as  10  times  as  great  as  pilot  eye  fixation  times 
(Ref.  202) .  Senders  and  Cohen  (Ref.  296)  make  the  following 
ccHmnent  regarding  this  type  of  observation:  *A  pilot  who  has 
been  flying  a  level  course  for  the  past  hour  has  less 
to  learn  from  his  altimeter  than  would  an  observer 
brought  into  the  situation  ”oold”^  and  his  reading 
might  be  expected  to  be  correspondingly  faster. 

- Unlike  the  pilot,  the  subject  in  the  laboratory 

experiment,  where  settings  are  presented  randomly, 

makes  independent  judgements  cm  each  trial. -  It 

should  be  clear  from  the  above  that  more  stimulus 
information  is  presented  to  the  subject  in  an; 
experiment  than  to  the  pilot.  It  is  not  surprising, 
therefore,  that  the  times  required  for  instrument 
reading  are  much  greater  in  the  experimental 
situation  than  in  the  operational  one.” 


TO  test  their  hypothesis.  Senders  and  Cohen  (Ref.  296) 
condncted  a  study  in  which  seven  groups  of  20  subjects  each  read 
horizontal  strauight  scales.  Two  groups  read  randCHn  display 
values  (rectangular  probability  distribution) ,  %diile  the  re¬ 
maining  groups  received  a  conditicxial  probability  of  displayed 
values.  Dnder  the  conditional  probability  distributions,  dis¬ 
played  scale  values  remained  unchanged  for  a  series  of  ten 
experdlmental  trials.  Display  reading  errors  were  converted  to 
informaticm  transferred  in  bits,  with  the  maximum  possible 
informaticm  transfer  having  been  calculated  as  3.32  bits.  Their 
results  clearly  showed  that  information  transferred  was  consist¬ 
ently  greater  for  th^  groups  using  the  conditional  probability 
distribution.  This  effect  was  a^^atrent  at  both  225  and  775 
millisecond  viewing  times,  with  the  conditional  probability 
groiq>  mean  performance  having  been  .15  to  .20  bits  better. 

What  do  the  findings  of  Senders  and  Cohen  mean  to  the 
interpretation  of  the  scale  legibility  literature?  Their  find¬ 
ings  indicate  that  results  of  studies  in  which  reading  times 
are  e]q>erimentally  controlled  may  not  be  directly  useful  in 
predicting  precise  operational  performance  levels,  even  though 
the  experimentally  controlled  exposure  times  may  correspond 
directly  with  eig>irically  determined  pilot  eye  fixation  times. 
This  follows  since  practically  all  scale  legibility  studies 
have  eag>loyed  random  (non-conditi<mal)  probability  distributions 
of  displayed  scale  values.  Furthermore,  there  are  no  published 
studies  which  provide  unequivocal  guidelines  for  relating  scale 
reading  accuracy  at  parti^lar  ercperimen tally  controlled  ex¬ 
posure  times  to  c^>erational  scale  reading  accuracies  at  typical 
pilot  eye  fixation  times.  On  the  other  extreme,  it  can  be 
argued  that,  if  c|-  precise  quantitative  reading  must  be  0iade  from 
a  scale,  the  pilot  will  devote  as  much  time'^as  necessary  to 
reading  the  instrument.  One  must  ask,  however,  how  much  time  a 
pilot  can  reasonably  devote  to  each  display  from  which  he  wishes 
to  make  a  reading  of  pre-specified  accuracy?  In  other  %N>rds, 
one  must  question  the  rate  of  information  transfer.  In  this 
regard,  it  would  appear  that  considef^le  caution  must  be  ap¬ 
plied  in  over  generalizing  frcn  studies  in  which  display  reading 
, times  have  been  as  great  as  four  £o  six  seconds  in  duration. 

In  light  of  the  above  methodological  considerations ,  and 
the  i]q>act  which  research  |Bethodology  has  iqxsn  scale  legibility 
findings,  \ research  studies  reviewed  below  were  limited  to  those 
which  ei^lpyed  display  reading  times  of  at  least  500  milli- 
secemds.  Additional  scale  reading  considerations  related  to 
both  research  methodology  and  the  utility  of  state-of-the-art 
guidelines  for  the  design  of  quantitative  dynamic  information 
displays  eBg>loying  electronic  display  media  are  discussed  under 
researc.:!^  recommendations  - 

An  additional  factor  in  cissessing  the  quality  of  existing 
research  involves  viewing  distance.  Not  all  scale  reading 
studies  have-  incorporated  cui  approximately  ?8-inch  viewing 


distance  between  the  observer's  eyes  and  the  experimental  dis¬ 
plays.  Indeed,  some  researchers  have  employed  viewing  distances 
ranging  up  to  20  feet  in  order  to  accommodate  a  large  number  of 
subjects  into  a  "mass  viewing"  situation.  This  expedient  ap¬ 
pears  to  have  been  used  in  cases  where  more  sophisticated 
laboratory  devices,  such  as  tachistoscopes,  were  not  available,  or 
where  large  numbers  of  subjects  have  been  involved.  In  cases 
where  viewing  distances  have  been  exceptionally  large,  sizes 
of  stimulus  materials  (i.e.,  experimental  displays)  were  in¬ 
creased  proportionately  so  that  the  visual  angle  subtended  by 
the  stimuli  at  the  eye  would  approximate  the  angle  whi  :h  such 
displays  %fould  subtend  at  a  cockpit  viewing  distance  of  approxi¬ 
mately  28  inches. 

One  must  question  this  type  of  expedient  and  ask  whether 
data  from  studies  employing  exaggerated  viewing  distances  apply 
to  shorter  viewing  distance  situations  in  which  the  visual  angle 
of  the  stimuli  is  held  constant.  The  apparent  answer  to  this 
question  is  that  relationships  found  at  one  viewing  distance 
may  totally  change  at  another  viewing  distance. 

Churchill  (I&ef.  69)  investigated  the  accuracy  of  inter¬ 
polating  between  vertical  scale  graduation  marks  as  a  function 
'«  of  the  distance  between  graduation  modes.  Interpolation 

accuracy  also  was  determined  for  viewing  distance  of  28,  56  cuid 
84  inches.  For  the  latter  conditions,  display  size  was  varied 
in  order  to  hold  visual  angle  constant.  Results  showed  that 
interpolation  error  decreased  with  increasing  visual  angle  for 
the  28-inch  viewing  condition,  was  relatively  unaffected  by 
visual  angle  for  the  56-inch  viewing  distance,  and  increased 
with  larger  visual  angles  for  the  84- inch  viewing  distance.  The 
visual  angles  involved  reinged  from  one  to  three  degrees.  In  a 
similar  type  of  investigation,  Chapanis  and  Scarpa  (Ref.  64) 
investigated  the  ability  of  subjects  to  read  a  round  dial 
display  to  the  nearest  digit.  A  2.8-inch  dial  was  used  as  the 
reference  size.  The  dial  was  read  at  viewing  distances  ranging 
from  14  to  224  inches.  £>ize  of  the  dial  was  varied  in  propor¬ 
tion  to  viewing  distance  to  hold  the  visual  angle  correlates  of 
dial  size  constant  at  5®  21'.  Results  showed  that  reading  time 
became  significantly  shorter  for  viewing  distances  greater  than 
28  inches.  Although  not  statistically  significant,  frequency  of 
readings  in  error  decreased  sharply  for  viewing  distances 
greater  than  28  inches.  Interestingly,  results  of  these  two 
stpdies  also  tend  to  indicate  that  28  inches,  the  assumed 
"standard  c^rkpit  viewing  distance"  diiployed  in  the  majority  of 
instrument  legibility  research,  may  not  be  an  optimum  viewing 
distance  in  terms' of  either  reading  times  or  error  rates.  From 
a  design  standpoint,  it  is  ^parent  that  data  taken  at  other 
than  operationally  specified  viewing  distances  may  not  be 
generalized  without  caution  to  other  viewing  distances. 

A  final  word.  Human  performance  data  which  are  discussed 
be'low  reflect  only  the  pilot's  task  of  reading  displayed  values. 
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Performance  of  the  human  operator  as  a  continuous  controller  are 
not  directly  addressed. 

It  has  long  been  recognized  that  both  stcibility  and  preci¬ 
sion  of  continuous  control  tasks  are  significantly  affected  by 
display  scale  factor  variables.  As  Roscoe  (Ref.  282)  points  out, 
for  continuous  control  tasks,  display  scale  factor  is  a  serious 
problem  because  performance  deteriorates  as  scale  factor  changes 
in  either  direction  from  some  optimum  value.  In  general,  as 
scale  factor  is  reduced,  precision  of  control  deteriorates,  but 
stability  improves.  As  scale  factor  is  increased,  precision 
improves  at  the  expense  of  increased  pilot  workload  up  to  a 
point  where  the  system  becomes  unstable  and  "the  task  blows  up 
in  your  face." 

The  data  presented  below  only  reflect  display  reading  and 
do  not  address  the  effects  of  scale  factor  upon  continuous 
control  task  performance.  Continuous  control  performance  is  a 
function  of  many  interacting  variables  including  display 
dynamics,  controller  dynamics  and  total  system  dyncuoics.  If  one 
wishes  to  asstime  that  a  p2urameter  CcUi  be  controlled,  at  best, 
only  to  the  degree  of  precision  with  which  it  can  be  read  from  a 
display,  then  the  data  which  follow  may  be  useful  in  predicting 
precision  of  control.  If,  however,  there  is  any  question  re¬ 
garding  the  degree  to  which  system  stability  may  be  sacrificed, 
then  system  performance  requirements  may  have  to  be  re-assessed, 
or  system  stability  experimentally  vaurified  using  man-in-the- 
loop  or  conqjuter  simulation  techniques. 

The  intent  of  this  section  has  not  been  to  bore  the  reader 
with  the  many  seemingly  academic  aspects  of  display  research. 
Rather,  our  objective  has  been  to  review  the  critical  aspects  of 
display  research  which  frequently  are  overlooked  even  today. 

The  intent  of  the  review  is  three-fold:  (1)  to  atteiQpt  to 
develop  a  basis  for  understanding  at  least  some  of  the  numerous 
inconsistent  and  contradictory  data  which  have  been  published 
over  the  past  quarter  of  a  century;  (2)  to  provide  criteria  for 
selecting  display  legibility  research  data  for  use  in  this 
report;  and  (3)  to  provide  at  least  a  brief  overview  of  salient 
methodological  consideration  for  future  research. 


MISS  ION -IMPOSED  SCALE  READING  ACCURACY  REQUIREMENTS 


In  designing  dynamic  di splays ^or  optimum  quantitative 
readability,  the  display  designer  must  first  specify  the  degree 
of  precision  to  which  each  parilmeter  must  be  read  or ,  controlled. 
Obviously,  if  heading  must  be  read  or  controlled  to  within  0.5 
degrees  in  order  to  satisfy  mission  requirements,  then  providing 
a  display  of  heading  which  can  be  read  only  to  a  five  degree 
accuracy  is  insufficient.  Conversely,  providing  a  display  with 
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which  heading  could  be  read  to  a  .01  degree  accuracy  does  not 
imply  that  the  display  is  now  "better*  than  required,  niis 
follotirs  for  several  reasons.  First,  when  the  precision  of 
display  readability  tends  to  exceed  sensor  or  computer  accura¬ 
cies,  minor  fluctuations  in  displayed  values  may  only  reflect 
sensor-processor-display  noise,  and  there  is  no  known  value  in 
displaying  any  type  of  visual  noise.  As  will  be  shown  subse¬ 
quently,  display  scales  for  highly  precise  readings  frequently 
require  increased  reading  time.  It  aust  also  be  remembered  that 
scales  designed  for  maximum  static  legibility  may  become  highly 
unreadable  under  dyncimic  situations  where  displayed  values  are 
subject  to  rapid  changes  at  relatively  high  rates.  Finally, 
designing  scales  for  highly  precise  readability  may  require 
exceedingly  larger  or  long  scales,  only  a  small  portitxi  of  which 
may  be  displayed  at  any  given  moment. 

Much  of  the  human  factors  research  which  has  been  directed 
toward  scale  readcibility  has  been  directed  toward  minimizing 
scale  reading  and  interpolation  errors.  However,  it  is  not 
always  a  display  scale  design  objective  to  minimize  scale 
reading  error.  Rather,  many  scales  must  be  designed  only  to 
result  in  pre -specified,  selected  accuracies.  Therefore,  many 
of  the  data  which  follow  are  presented  with  the  objective  of 
showing  the  relationship  between  selected  designer-controlled 
scale  design  variables  and  indices  of  operator  performance 
such  as  magnitude  of  reading  error,  probability  of  occurrences 
selected  error  magnitudes,  and  time  required  to  make  display 
recidings.  The  designer  may  then  select  the  design  characteris¬ 
tics  which  will  satisfy  known  reading  accurac::y  requirements. 

The  construction  of  any  scale  designed  to  be  rehd  cpiantita- 
tively  must  begin  with  a  specification  of  the  accuracy  to  which 
the  scale  most  be  read.  It  has  long  been  recognized  that  all 
parameters  which  may  be  displayed  in  the  cockpit,  and  conse¬ 
quently  may  appear  on  an  electronic  display,  must  not  necessari¬ 
ly  be  read  or  controlled  to  the  same  degree  of  precision. 

Indeed,  the  degrees  of  precision  to  which  different  flight  data 
parameters  must  be  controlled  has  been  the  topic  of  more  debate 
than  research  and  certainly  is  influenced  by  unique  aircraft 
dynamics  and  missicm  considerations.  In  our  attempt  to  provide 
scmie  starting  point,  however,  selected  data  collected  by 
Williams  (Ref.''  359)  are  presented  in  Table  50.  Williams  indi¬ 
cates  that  the  basic  data,  some  of  which  have  been  suHiarized  in 
the  table,  were  coigiiled  from  many  sources  including  flight  hand¬ 
books,  interviews  with  military  and  industrial  pilots, 
Manufacturer- supplied  data,  and  other  applicable  publications. 

He  attempted  to  collect  data  which  were  representative  of  jet 
powered  fixed-wing  aircraft,  V/STOL  aircraft  of  several 
conf igiurations ,  and  rotary  wing  aircraft.  The  data  are  reported 
to  have  been  derived  within  the  context  of  consideration  of  the  . 
following  mission  segments:  Takeoff,  climbout,  cruise,  transi¬ 
tion  to  or  from  cruise,  transiticxi  to  or  from  vertical  flight, 
approach  to  landing,  hover,  landing  (including  carrier) , 
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antisubaarine  warfare  sonar  drop  or  trail,  air  to  ground  rocket 
delivery,  and  loft  bombing.  It  most  be  pointed  out  that  the  data 
in  Table  50  represents  only  the  most  demanding  display  reading 
conditions  identified  by  Williams  and  do  not  represent  the 
totality  of  the  data  which  he  developed.  However,  similar 
analytically  derived  data  by  Murphy  et  al.  (Ref.  252)  are  in 
close  agreement. 


SCALE  SHAPE 


Before  directly  addressing  data  %ihich  bear  directly  to 
scale  design,  it  must  be  pointed  out  that  the  effect  of  scale 
design  variables  such  as  scale  factor  and  number  of  graduation 
marks  upon  quantitative  reading  performance  may  not  be  identicral 
for  circular  and  straight  scaled  displays.  Furthermore,  reading 
accuracies  and  times  may, be  influenced  by  displ^  design  factors 
such  as  the  use  of  mul triple  pointers,  multiple  scales  and  a 
reliance  upon  digital  Readouts  of  porticns  of  the  displayed 
information.  Several  methodologically  sound  studies  which  have 
systematically  examined  the  effect  of  scale  shape  in  controlled 
experimental  situations  are  reviewed  below. 

Using  printed  booklets  containing  xeprodncticxis  of  nine 
different  designs  for  altimeters,  Grether  (Ref.  149)  investi¬ 
gated  speed  and  accuracy  in  a  display  reading  task  in  which 
exact  values  were  displayed  and  interpolation  was  not  required. 
The  displays  which  Grethcu:  used  are  shown  in  Figure  81  along 
with  display  interpretation  times  and  the  probability  of  occur¬ 
rence  of  reading  errors  in  excess  of  1,000  feet.  Additionally, 
Table  51  shows  tqtcU.  frequency  of  reading  errors  as  well  as 
reading  errors" in  excess  of  100  feet. 

Of  the  display  scale  designs  «diicdi  Grether  studied,  data 
from  designs  D,  G,  B  and  I  appear  most  directly  apE^licable  to 
electronic  flight  displays.  This  follows  since  none  of  these 
particular  designs  incorporate  multiple  pointers  or  multiple 
scales,  which  were  solutions  to  the  unique  electromechanical 
design  problem  of  displaying  a  large  range  of  the  parameter  in 
a  fixed  and  relatively  small  display  area.  Excluding  the 
numeric  readout  which  always  resulted  in  very  few  errors,  it  can 
be  seen  from  Table  51  and  Figure  81  that  display  G  consistently 
ranked  lowest  in  terais  of  reading  error.  Displays  D  and  U  rank 
either  second  or  third  depending  upon  the  error  data  upon  which 
the  rankings  are  made.  In  terms,  of  interpretation  time, 
however,  display  G  ranked  last,  with  a  mean  interpretation  time 
of  2.3  seconds.  Display  D  and  H  were  identical  at  1.7  seconds. 
One  conclusion  is  that  displays  which  are  most  accurately  read 
may  require  greater  reading  times.  This  finding  is  not  unique 
to  Grether *s  study. 
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Percent  Beadings  Beading  Tiae 
in  Error  by  More  in  Seocmds. 


Fignr^^^-U.  Bylfling  Errors  and  Interpretation  Tines  for 
Selected  Alti^ie^Su  Designs.  (Adapts  iron  Grether,  Be£.  149) 
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Table  51.  Frequency  of  Errors  and  Interpretation 
Times  for  97  Pilots  Reading  Altitude  from  Nine 
Experimental  Displays.  (Adapted  from  Grether*  Ref.  149) 


Experimental  Display 
Designs* 


Percent  Errors 


Mejui 

Interpretation  Time 
in  Seconds 


Total 

1004- 

1,0004- 

• 

A 

15.9 

13.1 

11.7 

7.1 

B 

15.0 

12.6 

11.7 

6.1 

C 

8.3 

5.5 

4.8 

4.8 

D 

3.5 

0.9 

0.7 

1.7 

E 

17.3 

15.0 

14.5 

6.3 

F 

24.1 

22.0 

14.1 

6.2 

G 

2.1 

0.5 

0.3 

2.3 

H 

2.5 

1.7 

1.3 

1.7 

I 

0.6 

0.6 

0.4 

0.0 

1004-  Reading 

errors 

greater 

than 

100  feet  of  altitude. 

l,00l>-f  Reading  errors 

greater 

than 

1,000  feet  of 

altitude. 

*See  Figure  81 

for  exaiq>le  of 

each 

display  type. 

' 

\ 

V 
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In  a  siailar  type  of  study*  Elkin  (Bef.  115)  used  a 
tachistosoope  to  cxmtrol  display  reading  tiae,  and  experimental¬ 
ly  oo^>ared  a  circular  dial*  vertical  scale,  and  an  open  window 
scale  which  was  sisd-lar  to  the  vertical  scale*  but  incorporated 
a  display  aqperture  f#hich  exposed  cnly  approximately  one  inch  of 
the  scale.  Two  display  reading  times  are  of  interest.  They  are 
1,080  milliseconds,  and  subject:- terminated  reading  times.  Under 
experimental  conditions  comparable  of  those  used  by  Grether 
(Ref.  148)  in  which  no  interpolation  was  required*  data  from 
Elkin's  study  are  shown  in  Table  52  for  conditions  in  which 
displays  scaled  to  five  unit  increments  were  read  to  five  unit 
increments,  and  displays  scaled  to  one  unit  increments  were  read 
to  one  unit  increments.  In  terms  of  display  reading  time  under 
the  subject- terminated  conditions,  reading  times  were  quite 
conparable  for  each  display  type*  although  c<»sistently  more 
time  was  required  to  make  one-unit  readings  for  either  display 
type.  In  terms  of  percent  of  readings  in  error*  the  vertical 
scale  was  consistently  poorer.  However*  under  subject- 
terminated  conditions,  the  open  window  display  was  superior  to 
the  circular  display*  tfhile  the  opposite  was  true  under  the 
1*080  millisecond  viewing  time  conditions.  No  reason  for  the 
reversal  is  apparent*  nor  was  it  reported  whether  the  differ¬ 
ences  are  statistically  significant.  It  is  also  of  interest  to 
note  that  the  error  rate  data  reported  bY  Elkin  are  considerably 
greater  than  those  reported  by  Grether*  possibly  because  Elkin 
stressed  quick  display  reading  to  his  subjects. 

Similarly*  Graham  (Ref.  144)  ctvpared  vertical  and  hori¬ 
zontal  linear  scales  with  a  round-dial  display.  Display  viewing 
time  was  one-half  second*  and  all  experimental  subjects  received 
training  in  the  display  reading  task  prior  to  the  experimental 
trials.  No  interpolation  was  required  in  reading  the  displays. 
Results  showed  that  overall  reading  errors  were  greatest  for 
the  vertical  scale,  with  the  circular  scale  having  been  second 
best.  The  horizontal  scale  produced. the  fewest  errors. 

Of  greater ^ interest*  however*  is  the  fact  that  Grciham  also 
measured  reading  error  as  a  function  of  pointer  position  along 
each  scale.  Because  he  simulated  moving  pointer  displays,  and 
anticipated  that  subject  eye  fixations  prior  to  each  dial 
reading  trial  might  tend  to  be  in  the  center  of  the  scale  *  his 
data  also  provide  for  an  examination  of  reading  errors  as  a 
functicm  of  the  deviaticm  of  the  pointer  from  the  center  of  each 
scale  range.  Consequently*  Graham  has  provided  information 
which  may  be  directly  applicable  to  moving  scale  displays  in 
which  the  readline  is  fixed,  and  the  pilot  fixates  in  the 
immediate  area  of  the  readline  in  order  to  make  scale  readings. 

Graham  reports  that  the  interaction  of  scale  shape  by  . 
pointer  positicm  was  statistically  significant  (P  =  .001) , 
indicating  that  the  positicxi  of  the  pointer  along  the  scale  has 
more  effect  upon  accuracy  of  reading  one  type  of  scale  than 
upon  another.  Considering  just  the  center  20  percent  of  the 
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NA  -  Not  ^plicable. 

OH  -  Open  Hindov  display,  / 
C  -  Circular  display. 

V  -  Vertical  display. 


vertical  and  horizontal  linear  scales,  no  appreciable  difference 
in  reading  error  was  apparent.  Also,  per fo nance  in  the  center 
20  percent  of  either  linear  scale  was  not  appreciably  different 
from  perfonance  on  any  coeparable  portion  of  the  round  dial 
display.  Expanding  the  coeparison  interval  to  include  the 
centrad.  ^0%  of  the  linear  scales,  the  horizontal  and  round  dial 
displays  produced  coaiparable  perfonance,  but  errors  were 
approximately  70  percent  greater  for  the  vertical  scale. 

Results  of  ^Graham's  study  appear  to  confon  in  part  with 
Sleight's  (Ref.  309)  suggestion  that  reading  error  difference^ 
betwee^  round  dial  and  linear  scales  are  attributable  to  \ 

variatr^s  in  their  "effective”  area.  The  larger  the  area  to  \ 
be  scanned,  the  less'  accurate  the  reading  under  conditions  in  ' 
which  reading  time  is  limited.  This  explanation  appecirs  to 
adequately  account  for  the  pronounced  similarity  among  scale  \ 
shapes  w^h  only  central  portions  of  each  scale  are  considered.  ' 
It. does  not,  however,  account  for  Graham's  findings  that  verti¬ 
cal  scales  are  significantly  poorer  than  correspondingly 
designed ; horizontal  Scales.  To  account  for  this  finding, 

Graham  points  out  that  objects  subtending  a  visual  angle  of  one- 
half  degree  at  the  eye  can  be  detected  if  they  lie  within  a 
field  whdise  boundaries  are  approximately  100**  to  the  right  or 
left  of  me  point  of  fixation,  70**  above  the  point,  or  80**  below 
it.  Thus!,  the  width  of  the  visual  field  is  considerably  greater 
than  its  height,  and  this  is  one  factor  which  might  favor  the 
reading  of  round  or  horizontal  scales,  but  would  not  work  in 
favor  of  Reading  vertical  scales.  If  might  also  be  argued, 
however,  fhat  people  are  simply  more  highly  trained  in  reading 
horizontally  arranged  materials  (e.g.,  printed  text),  and  that 
this  highl;^  trained  skill  interferes  with  a  reading  task 
incorporating  vertically  arranged  materials.  Ho  test  of  the 
latter  hypothesis  was  found  in  the  literature  reviewed. 

Considering  a  con  tiro  1  task  rather  than  si^ly  a  display 
reading  task;  Mengelkoch  and  Houston  (Refs.  233,  234  and  235) 
used  a  fligh^isimulator  to  compare  altitude  tracking  performance 
with  a  conventional  three-pointer  (MA-1)  altimeter  versos  moving 
vertically-scaled  altimeters.  They  found  that  altitude  tracking 
performance  was  superior  with  the  three-pointer  altimeter  only 
in  coaq>ariscHi  with  a  vertical  tape  altimeter  which  incorporated 
1.5  inches  of  scale  for; each  thousand  feet  of  cd.titnde.  Hhien 
the  vexrtical  tape  scale  if  actor  was  e^anded  to  2.375  inches  for 
each  thousand  feel  of  altitude,  performance  using  the  vertical 
tape  altimeter  was  essentially  equivalent  with  performance 
obtained  with  the  three-pointer  altimeter.  This  is  a  very 
interesting  finding  \«rhett  c«ie  considers  that  the  MA-l  altimeter 
emplo'^s  approximately  8  inches  of  scale  for  the  maximum  resolu- 
tior,  scale  of  1,000  jfeet;  of  altitude. 

Additional  studies  addressing  the  scale  shape  consideration 
were  identified  and  ;reviewed,  but  were  rejected  because  of 
methodological  cons ideraf ions  of  the  types  which  have  been 


discussed  previously,  or  because  of  a  failure  on  the  parts  of 
the  authors  to  clearly  specify  their  perfozaance  Measures  or 
experimental  tasks. 

Of  the  studies  which  have  been  reviewed  above,  it  can  only 
be  concluded  that  20  years  of  research  have  produced  no  defini¬ 
tive  answer  to  the  question  of  whether  circular  scales  are  any 
different  from  linear  scales  in  terms  of 'the  amount  of  time 
required  to  read  them  or  the  frequency  of  errors  which  result 
from  such  readings.  Indeed,  as  it  has  been  pointed  out  previ¬ 
ously  (Ref.  308)  the  manner  in  which  scales  are  integrated  into 
a  total  display  context  can  have  significantly  greater  impact 
than  the  independent  design  feature  of  scale  shape.  Nonethe¬ 
less,  there  ^lre  sufficient  data  to  indicate  that  scale  shape  is 
a  potentially  significant  design  consideration.  Therefore, 
scale  factor  and  graduation  mirk  design  considerations  are 
discussed  separately  below  for  circular  versus  linear  scales. 


NONLINEAR  SCALES 

/ 

The  majority  of  instrument  ^scales  are  linear.  ^  such,  for 
all  portions  of  the  scale,  the  separation  between  gr^nation 
marks  indicates  the  same  numerical  incrrement.  Nonlinear  scales 
are  tlwse  which  present  a  large  range  of  displayed  values  into 
a  relatively  small  space  by  ocmprctssing  those  portions  of  the 
scale  for  which  highly  accurate  readings  are  not  required. 
Typical  examples  :^nclude  logarithmic  scales  in  which  scale 
factor  on  (xily  one  end  of  the  scale  is  compressed  while  the 
other  end  is  expanded.  A  variation  on  the  logarithmic  scale  is 
the  skewed  scale.  An  additioDcil  class  of  nonlinear  scale  is  one 
based  upon  a  normal  curve  distribution,  which  could  be  used  to 
expand  either  the  center  of  the  scale  or  the  extremes  of  the 
scale . 

Although  nonlinear  scales  are  most,  common  to  round  or 
semicircular  electromechanical  displays,  the  moving  pointer, 
vertically  scal^  vertical  velocity  indicator  in  the  Air  Force 
Integrated  Instrument  Panel  is,  in  part>  read  against  a  non¬ 
linear  scale. < 

Several  studies  (RefsJ  79,  82,  177  and  297)  have  investi¬ 
gated  nonlinear  scales,  some  in  the  context  of  altimeter  design 
and  others  in  more  generalized  display  contexts  including 
quantitative  and  checkreading  tasks.  It  can  be.  generally  con¬ 
cluded  from  these  studies  that  nonlinear  scales  produce  little, 
if  an^,  benefit  in  terms  of  scale  reading  accuracy.  To  be  sure, 
the  expanded  portions  of  the  sc^le  c»n  be  read  with  a  greater 
degree  of  precision,  but  if  any  readings  must  be  made  in  the 
con^-ressed  portions  of  the  scale,  the  related  high  precision 
associated  with  the  expcuided  scale  areas  is  proportionately 


offset  by  imprecision  in  the  compressed  areas.  PurtheriBore, 
Cohen  and  Dinnerstein  (Ref.  79)  report  longer  reading  times  for 
highly  asymetrical  logarithmic  scales.  They  attribute  their 
findings  to  the  progressive  changes  in  the  meaning  of  graduation 
marks  and  scale  intervals.  In  their  study,  the  log ^10  scale 
was  effectively  etqiial  to  the  linear ‘scale,  and  both  of  these 
scales  were  read  significantly  more  accurately  than  either  the 
log  10  or  Ipg  10^  scale.  The  mean  reading  time  was  approximate¬ 
ly  20%  greater  for  the  latter  two  scale  configurations. 

In  the  context  of  altimeter  design,  Innes  (Ref.  177) 
ccmqpared  linear  and  logarithmic  altimeter  scales.  Display 
reading  time  varied  between  1.5  %o  3.0  seconds  and  subjects  were 
required  to  p>erfonii  the  following  tasks:  read  barometric  alti¬ 
tude,  read  command  altitude,  determine  the  altitude  difference 
and  determine  the  directicm  of  the  difference.  Criterion  of 
correct  response  was  established  as  being  not  more  than  one  half 
a  scale  graduation  (50  to  5,000  feet,  depending  upon  position  of 
pointer)  from  the  exact  positions  of  the  barometric  or  command 
indices.  Results  of  the  study  showed  almost  no  differences 
between  the  two \displays .  Although  relatively  fewer  reading 
errors  occurred  with  the  nonlinear  scale,  differentres  in  terms 
of  magnitude  or  direction  of  differences  between  actual  and 
conaand  altitude  were  coag>arable. 

■  '  \  ■ 

Ccmsidering  the  looseness  of  performance  criteria  used  in 
some  studies  and  the  lack  of  performance  advamtage  found  in 
other  studies,  it  would  appear  that  there  is  little  to  recommend 
the  use  of  nonlinear  scales/.  On  the  other  hand,  studies  re¬ 
viewed  have  shown  that  reading  errors  or  reading  times  only 
suffer  for  exaggerated  nonlinearities.  In  this  light,  the 
following  recoimaendations  by  Senders  et  al.  (Ref.  297)  appear 
justified.  They  indicate  that  lc|garithmic  scales  may  be  used 
with  either  normal  or  skewed  distributions  of  pointer  settings  ■ 
(those  which  emphasize  the  expandpd  porticxis  of  the  scale)  under 
the  following  oonditicxis:  (a)  when  allowable  reading  error 
tolerance  is  a  ccmstant  proportion  of  the  indication,  so  that 
larger  errors  can  be  tolerated  on  coog^ressed  portion  of  the 
scale,  ;and  (b)  when  there  is  a  large  preponderance  of  scale 
readings  of  the  expanded  end  of  the  scale,  and  it  is  desirable 
to  Biinimize  reading  errors  in  this  portion. 


NDMBERING  SCALE  INTERVAL  VALDES 

Scale  intervals  which  ^e  numbered  are  typically  the  major 
divisions  of  the  scale.  Typically,  intermediate  scale  divisions 
are  not  numbered  because  of  the i display  clutter  which  frequently 
results.  Nonetheless*  the  pilot  frequently  must  read  displays  •  \j 

at  intermediate,  un-niimbered  scale  values;  thus  he  is  required  I 

to  determine  the  numerical  value  cissociated  with  intermediate. 
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im-nmbered  scale  graduaticms . 

As  one  might  expect,  display  reading  times  and  reading 
accuracies  are  influenced  by  the  scheme  used  to  number  major 
scale  graduation  intervals.  The  effect  is  most  pronounced  when 
scales  must  be  read  at  un-numbered  intervals  or  when  scale 
interpolation  is  required.  Scale  interval  numbering  recommenda 
tions  (Ref.  247)  have  been  developed  based  upon  studies  such  as 
those  reported  in  Refs.  61,  115,  191,  192,  193, and  336.  The 
z.20oamendations  may  be  summarized  as  follows: 

(a)  It  is  preferable  for  numbered  graduation  intervals 
to  be  in  increaents  of  one  or  decimal  multiples  of 
one  (i.e.,  1,  10,  100,  1,000,  etc.). 

(b)  Mumliered  graduation  intervals  of  two  or  five,  or 
decimal  increments  thereof  also  may  be  judged  as 
at  least  fairly  acceptable.  Examples  are:  2,  4, 

6  or  20,  40,  60,  etc. ,  .5,  1.0,  1.5,  2.0  or  5,  10, 

15,  20,  etc. 

It  has  been  consistently  found,  however,  that  .scales 
numbered  by  1,  10,  100,  etc.  are  superior  to  other 
acceptable  scales. 

(c)  Humbering  scheme  increments  of  .25  or  .4  (or  decimal 
multiples  of  these)  or  .other  even  less  ccxnmon 
interval  increments  are  not  recommended  since  they 
produce  both  longer  display  reading  time  and  greater 
reading  errors. 

In  studies  which  are  reviewed  and  interpreted  in  subsequent 
pages,  emphasis  wais  placed  upon  those  which  incorporated 
acceptable  scale  numbering  schemes. 

There  also  is  some  evidence  indicating  that  the  number  of 
digits  used  to  identify  the  numerical  value  of  major  scale 
graduations  may  influence  display  reading  time  and  errors.  « 
Vemoa  (Ref.  336),  for  example, -suggests  that  the  maximum  digit 
span  for  quick  ,and  accurate  reading  of  numbers  is  three,  .unless 
the  digits  in  excess  of  three  are  zeros.  ’  He  further  suggests 
that  two-digit  numbers  are  better  than  three-digit  numbers.  By 
inference  it  may  be  implied  that  single  digits  may  be  better- 
than  two.  Some  support 'for  Vernon's  position  also  appears  to 
be  provided  by  Grether  (Ref.  149) .  r 


SCALE-TO-READLINE  DISTANCE 

The  accuracy  with  which  a  scale  can  be  quantitatively  read 
is  markedly  influenced  by  the  distance  between  scale  narks  and 
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the  pointer  or  reference  (fiducial)  line  against  wnich  the  scale 
values  are  read.  Indeed,  minimizing  the  distance  between  scale 
marks  and  the  index  against  which  the  scale  is  read  is  a  neces¬ 
sary  condition  for  accurate  scale  reading,  and  failure  to 
satisfy  this  necessary  requirement  can  invalidate  the  utility  of 
best  applications  of  other  scale  design  considerations*.  This 
generally  well-recognized  relationship,  however,  appears  to  have 
been  overlooked  or  ignored  in  the  interest  of  aesthetics,  at 
least  in  some  electronic  flight  display  designs  (Ref.  206).  The 
effects  of  violating  this  requirement  are  pronounced- 

In  an  early  study,  Vernon  (Ref.  336)  used  a  tachistoscope 
to  present  simulated  round  dial  and  horizontal  scales  for  view¬ 
ing  times  of  two  seconds.  All  pointer  settings  corresponded 
directly  with  a  scale  marking;  no  interpolation  was  requii;ed-  * 
Scale  markings  were  spaced  approximately  0.5  inches  apart. 

Vernon  reports  that  reading  errors  were  extremely  small  (1.5  to 
4.4%)  as  long  as  the  distance  between  the  pointer  and  the  scale 
markings  did  not  exceed  0.5  inches.  Scale  reading  errors  in¬ 
creased  m2Lrkedly,  however,  for  distances  greater  than  this.  It 
is  easy  to  envision  greater  errors  in  situations  where  viewing 
times  would  be  reduced  or  where  interpolation  would  be  required. 

Chxirchill  and  Allan  (Ref.  70)  report  a  study  in  which 
subjects  were  required  to  read  a  variety  of  round  dial  displays, 
some  of  which  incorporated  a  •'staircase*  arrangement  for  scale 
gradua4J.on  marks.  With  this  arrangement,  the  minor  graduation 
marks  used  to  divide  intervals  between  major  graduation  marks 
beccune  progressively  shorter  in  length  as  the  pointer  approached 
succeeding  major  graduation  marks.  Two  variations  of  the 
"staircase"  scale  were  investigated.  In  one,  the  progressive 
shoxrtening  of  minor  graduation  marks  occurred  cm  tlie  outside 
circumference  of  the  scale,  allowing  the  pointer-to-scale  dis- 
tcuice  to  be  held  constant.  In  a  second  variation,  the  progres¬ 
sive  shortening  of  minor  graduation  marks  occurred  on  the  inside 
circumference  of  the  scale,  producing  a  situation  in  which  the 
pointer-to-scale  distance  progressively  increased.  The  scales 
were  read  under  two  viewing  time  conditions:  1.5  seconds  and 
subject-paced.  A  tachistoscope  was  used,  to  present  the  simula¬ 
ted  dials,  and  both  interpolation  and  non-interpolation  readings 
were  required.  Results  of  the  study  indicated  that  reading 
errors  increased  by  50%  to  150^%  (depending  upon  other  scale 
design  features)  for  "staircase"  scales  whicA  were  designed  such 
that  the  pointer-to-scale  distance  was  not  always  minimal.  The 
increases  in  error  were  statistically  significant  (P<.05) . 
Churchill  and  Allen  also  reported  that  the  "properly  designed" 
stctircase  scale  technique  was  no  better  than  standard  scaling 
in  which  minor  graduation  meirks  are  ecpial  in  length. 

In  "“directly  addressing  the  consideration  of  pointer-to- 
scale  distcince,  Churchill  \(Ref.  68)  used  a  tachistosccjje  to 
present  simulated  dial  faces  for  either  0.3  seconds  or  subject¬ 
paced  viewing  times.  The  dial  reading  task  required 
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interpolation  of  values  between  graduation  narks.  The  poiuter- 
to-scale  distances  investigated  were  zero#  0.125^  0.25,  0.50# 

1.0  and  2.0  inches.  Selected  reading  tine  and  reading  error 
data  frca  the  study  are  presented  in  Table  5^#  where  it  can  be 
seen  that  reading  errors  increased  narkedly  for  pointef-to-scale 
distances  of  greater  than  0.125  inches#  and  reading  tines  were 
comparable  for  zero#  0.125  and  0.25  inch  conditions.  The  zero 
and  0.125  inch  conditions  produced  statistically  coDparable 
results.  Viewing  distance  for  the  study  was  28  incdies. 

Although  the  studies  cited  above  all  involved  reading 
pointer  positions  against  round  dial  scales#  the  principle  of 
maintaining  a  ■iniaal  (no  greater  than  0.125  inch)  distance 
between  scale  graduations  and  the  reference  or  readline  applies 
equally  to  linear  scale  reading  tasks.  This  design  considera¬ 
tion  has  been  generally  well  taken  into  account  in  electro¬ 
mechanical  moving  tape  displays  by  painting  a  readline  directly 
on  the  glass  which  covers  the  display  face.  Hence#  scale 
graduation  marks  pass  behind  the  readline,  and  the  only  major 
problem  is  one  of  paralax  resulting  from  the  combined  Effects 
of  display  viewing  angle  and  the  amount  of  physical  separation 
between  the  moving  tape  and  the  glctss  instrument  face.  A 
similar  design  solution  appears  reasonable  for  electronic 
displays,  at  least  for  those  display  modes  in  idiich  scales  are 
positioned  on  the  display  in  a  fashion  which  provides  for  a 
non-changing  reference  or  readline.  For  any  modes  which  may 
involve  repositioning  of  scales#  or  the  changing  of  scales  in  a 
manner  which  may  also  require  a  chamge  in  the  physical  position 
on  the  display  face  at  which  display  readings  aure  to  be  made# 
caution  must  be  exercised  to  ensure  that  the  interval  between 
the  slK>rtest  graduation  mark  and  the  readline  does  not  exceed 
0.125  inch  in  a  direction  perpendicular  to  the  scale. 


STROKE  WIDTH  OF  SCALE  MARKINGS 


Three  studies  have  dealt  with  accuracy  of  scale  reading  and 
scale  interpolaticn  as  a  function  of  the  thickness  of  graduation 
narks.  None  of  the  studies  involved  an  electronic  display 
medium.  Results  of  the  various  studies  are  not  in  total  agree¬ 
ment#  nor  do  the  results  of  the  studies  consistently  agree  with 
typical  human  factors  recommendations  for  graduation  mark  stroke 
widths . 

In  a  series  of  C(mQ>arisoa^#  loucks  (Ref.  219}  required 
subjects  to  make  readings  from  alternative  vertical  velocity 
indicator  designs  in  which  the  stroke  width  of  both  numerals  and 
scale  graduation  mcirks  was  varied.  Instrument  reading  times 
varied  from  0.75  to  1.50  seconds\  Loucks  concluded  that  reeiding 
errors  were  lower  and  pilot  preference  higher  for  the  0.032  inch 
stroke  width  than  for  either  the  0.016  or  0.048  inch  stroke 
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Table  53.  Effects  of  Scale  Interval  length  and 
Pointez^to-Scale  Clearance  on  the  Probability 
of  Interpolation  Errors  and  Reading  Tiae 
for  Subject-Paced  Viewing. 

(Adapted  fron  Churchill,  Ref.  68) 


Scale  Interval  Length  (Inches) 


.25 

.50 

.75 

1.0 

1.5 

2.0 

♦Total 

Pointer 

Zero 

.42 

.22 

.24 

.14 

.12 

.11 

.21 

Clearance 

**(1.6) 

(Inches) 

.125 

,45 

.16 

.20 

.13 

.11 

.12 

.19 

• 

(1.5) 

.250 

.53 

.29 

.23 

.16 

.08 

.12 

.23 

(1.6) 

.500 

.49 

.36 

.28 

.15 

.12 

.13 

.25 

(1.7) 

1.000 

.57 

.41 

.23 

.14 

.18 

.13 

.28 

(1.8) 

2.000 

.61 

.44 

.33 

.27 

.21 

.17 

.34 

(1.9) 


*Probability  of  error  for  all  scale  interval  lengths. 
**Mean  reading  tine  in  seconds. 


widths.  This  conclusion  is  in  general  agreenent  with  typical 
hunan  factors  recomendations  for  stroke  widths  of  scale  gradua- 
tic»^narkings  (Refs.  247  and  360).  Moodson  and  Conover  (Ref. 
360)  ,  for  exanple,  recoasend  that  najor  scale  graduations  for 
aircraft  instrunents  be  0.035  inches  in  thickness;  intermediate 
gradua^cm  marks  should  be  0.030  inches;  and  minor  graduation- 
marics  should  be  0.025  inches  in  thickness.  _ 

' ^o  additional  studies  have  investigated  scale  interpola¬ 
tion  error  as  a  function  of  graduation  mark  stroke  width.  Carr 
and  Gamer  (Ref.  59)  investigated  stroke  widths  of  0.004,  0.008 
and  0.016  inches,  and  found  that  magnitude  of  scale  reading 
error  was  not  affected  by  graduation  mark  stroke  width  for  scale 
'  intervals  ranging  from  0.02  inches  to  10.0  inches.  This  finding 
appears  to  have  littlO  direct  application,  however,  in  lightrof 
Louck's  findings  that  stroke  widths  smaller  than  0.032  inches 
have  a  negative  in^ct  upcoi  scale  reading. 
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Topailler  (Ref.  330)  investigated  precision  of  interpolating 
pointer  settings  to  tenths  of  a  scaled  interval  aocoracy  using 
a  sealed  interval  of  0.40  inches.  Gradnation  nark  thicknesses 
of  0.04,  0.08,  0.12,  0.16  and  0.20  inches  were  conpared.  A 
hairline  condition  also  was  exaained,  c4)parently  using  an  actual 
hair  as  the  scale  nark.  Topailler  found  that  readi|ig  error  was 
considerably  snaller  and  highly  conparable  for  the  0.12  and  0.16 
inch  stroke  widths.  Either  thinner  or  thicker  stroke  widths 
produced  fron  50%  to  75%  greater  reading  error.  It  can  be  noted 
that  Topmiller's  findings  do  not  closely  agree  with  other 
findings  discussed  above.  One  reason  nay  lie  in  the  fact  that 
large  stroke  .width  differences  between  graduation  narks  and  the 
.jx>inter' allowed  Tapaillerls  subjects  to  rely  iqxjn  vernier  acuity 
factors  in  reading  pointer  settings.  This  wold  be  of  probadile 
advantage  if  the  subjects  were  aware  of  the  ratio  of  strok^ 
widths  of  the  pointer  and  the  gradnation  n2urks,  allowing  then  to 
estimate  di'splayed  values  by  assessing  the  degree  to  whicdi  the 
pointer  overlapped  the  various  gradnation  narks. 

Although  lOpniller's  data  do  not  agree  closely  with  other 
stroke  width  data  or  bunan  factors  rea,— iMulal  irinn ,  one  trend 
which  is  apparent  fron  the  available  huaan  factors  data  is  that 
graduation  nark  stroke  width  definitely  nay  have  an  impact  upon 
scale  reading  and  interpolation  error.  Because  of  the  lack  of 
consistency  in  the  data,  and  because  none  of  the  available  data 
have  been  generated  in  an  electronic  display  context,  it  would 
appear  necessary  to  apply  existing  hunan  factors  guidelines,  such 
as  those  contained  in  References  247  and  360,  with  caution  and 
only  after  verification  studies  have  been  performed. 

All  other  research  reports  which  were  reviewed  examined 
stroke  width  in  the  context  of  alphanumeric  or  geometric  symbols. 
In  these  contexts,  stroke. width  typically  is  eaq^ressed  as  a 
percent  of  symbol  height.  Ho  study  was  found  in  which  the 
effects  of  stroke  width  (scale  gradnation  nark  thickness)  was 
examined  in  an  electronic  display  context  and  in  relation  to  .a 
scale  reading  task.  There  is  evidence  (e.g..  Refs.  36  and  303) 
to  ind.i-cate,  however,  that  an  <^»tianm  stroke  width  for  scale 
markings  and  other  line-oonstrgcted  symbology  such  as  horizon 
lines,  vector  lines  or  course  indications,  nay  be  influenced  fay 
the  following  V2iriable’s:  number  of  raster  lines,  ratio  of 
widths  of  active  to  inactive  raster  lines,  bandwidth,  contrast 
ratio,  and  length  of  the  scale  gr^uation  narks.  Ho  data  exist 
which  clearly  apply  to  these  considerations. 
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SOBDIVIDIMG  MajDR  SCMJE  IHTERVM^:  HEADIMG  TO 
HEABEST  SCALE  lABX 


H«bex  of  Scale  Division 


The  wanner  in  tifaich  nonbered  intervals  are  subdivided  by 
minor  graduation  narks  also  can  have  a  narked  inpact  upon  scale 
reading  errors .  Vernon  tiaef.  336),  in  fact,  reports  that  the 
nost  frequent  cause  of  scale  reading  errors  was  the  manner  in 
which  nussbered  scale  intervals  were  subdivided  by  minor  gradua¬ 
tion  narks.  He  crngiared  displays  in  which  major'  scale  intervals 
varied  in  the  manner  in  which  they  were  subdivided.  He  concluded 
the  following:  scale  intervals  divided  into  tenths  were  read 
more  aochrately  than  those  divided  into  quarters,  obviously 
because  of  the  requirement  for  interpolation  with  the  latter 
scale  division  scheme.  But'  more  ii^iortant,  even  for  major  scale 
increments  in  multiples  of  10  (a  highly  recommended  scale  number¬ 
ing  sequence)  ,  serious  scale  reading  errors  occurred  when  the 
scale  was  divided  into  eighths  or  sixteenths.  When  minor  gradua- 
ticm  marks  were  at  ei^ths  of  the  major  scale  interval,  69%  of 
the  scale  settings  were  misread;  when  sixteenths  were  used,  96% 
of  the  readings  were  in  error.  On  the  ether  hand,  almost  all 
scales  numbered  in  tens  and  subdivided  into  fifths,  tenths, 
halves  or  quarters  were  read  correctly. 

Spacing  of  Minor  Graduation  Marks 

A  second  consideration  in  selecting  the  number  of  scale 
subdivision  (minor  graduation  marks)  involves  a  speed  versus 
accuracy  tradeoff,  and  is  based  upon  the  degree  of  accuracy  to 
which  a  scale  most  be  read  in  terms  of  operational  requirements. 
It  is  known,  for  example,  that  scales  can  generally  be  read  with 
greater  accuracy  if  minor  graduation  marks  are  provided  for  each 
scade  .value  idiicfa  the  operator  must  read  (e.g. ,  Refs.  115  and 
190)  .  This  rule  applies  only  up  to  the  point  at  which  the  scale 
becomes  "cluttered"  by  a  profusicm  of  scale  division  marks. 
Dnfortnuately,  there  are  no  quantitative  guidelines  for  defining 
the  point  at  which  scales  generated  on  electronic  displays  may 
bccxaw  "cluttered".  K^ipauf  and  Shith  (Bef.  193),  however,  have 
shown  that  the  probability  of  misreading  single  unit  scale  marks 
is  practically  zqro  as  long  as  the  scale  marks  are  at  least  0.09 
inches  ^art.  Ei^r  increases  slightly  (a^roximately  2%)  for 
scale  spacing  of  0.04  inches.  With  scale  spacing  of  0.02  inches, 
errors  increased  to  approximate ly  13%.  Evidence  substamtiating 
the  Kappauf  and  Staith  data  are  reported  in  Reference  109.  It 
would  appear,  therefore,  that  scale  clutter  may  occur  when  minor 
scale  graduation  marks  are  separated  by  less  than  0.05  inches, 
at  least  in  the  context  of  printed  display  scales. 
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The  addition  of  scale  Barks  at  scale  positions  where 
readings  must  be  made  minimizes  the  necessity  for  the  operator 
to  interpolate  between  scale  marks.  If,  however,  his  task  is 
to  "read  to  the  nearest  scale  mark”,  the  addition  of  more  scale 
marks  results  in  a  penalty  in  terms  of  the  amount  of  time  which - 
must  be  spent  reading  the  scale  (e.g..  Refs.  115,  190  and  336). 
Data  from  Elkin's  study  (Ref.  115)  are  exemplary  and  are  shorn 
in  Table  54.  The  table  also  sho%fs  the  effects  of  number  of 
graduation  marks  and  corresponding  requirements  for  interpolation 
upon  quantitative  scale  reading  accuracy.  It  is  apparent  from 
the  table  that  one  scale  design  cannot  maximize  reading  accuracy 
while  minimizing  reading  time.  To  the  extent  that  either  time  or 
accuracy  is  more  important  from  an  operational  stan^ioint,  scale 
design  must  vary  accordingly. 

Also,  apparent  in  Table  54  is  an  answer  to  the  question: 
"What  happens  to  reading  accuracy  if  I  )iave  more  scale  marks  than 
my  accuracy  requirement  necessitates?"  >  Assuming  that  the  "extra" 
marks  do  not  produce  "clutter",  it  would  appear  that  "extra" 
scale  marks  have  an  almost  negligible  influence  upon  scale 
reading  accuracy. 

In  instances  where  reading  accuracy  is  important  and  multi- 
^  pie  minor  graduation  marks  are  used,  the  interval  separating  the 
minor  graduation  marks  can  influence  reading  accuracy,  even  when 
scale  readings  are  made  onlV  to  the  nearest  scaled  interval. 

Data  generated  by  Kappauf  (Ref.  189)  are  exemplary  of  this  and 
are  shown  in  Table  55.  It  can  be  seen  frcxa  Table  55  that  prob¬ 
ability  of  misreading  scaled  value  decreases  as  the  interval 
between  minor  graduation  marks  which  indicate  the  sca].ed  value 
increase  up  to  0.09  inches.  Furthermore,  display  reading  time 
decreases  as  the  amount  of  space  dedicated  to  each  scale  incre¬ 
ment  increases.  Unfortunately,  few  data  exist  which  corroborate 
these  findings  or  allow  for  meaningful  projections  of  the  effects 
of  probability  of  scale  reading  error  for  even  greater  dj^tances 
between  minor  graduation  marks.  For  example,  under  comparable 
conditions,  scale  reading  error  data  reported  by  Christensen 
(Ref.  67)  and  Elkin  (Ref.  115)  do  not  agree  in  magnitude  with  the 
data  in  Table  55.  Furthermore,  Elkin  (Ref.  115)  reports  that 
substantially  similar  reading  errors  occur  whether  the  distance 
between  minor  gradq^ion  marks  was  0.06  inches  or  0.30  inches. 

Once  again,  it  is  apparent' that  differences  in  research 
methodology  can  have  most  pronounced  effects  upon  design  reconi- 
mendations.  In  light  of  these  differences,  however,  it  would  be 
most  desirable  to  assume  a  "worst-case  posture",  and  go  along 
with  the  findings  of  Kappauf  (Ref.  189)  on  the  aissunqition  that 
even  one  demonstration  of  an  effect  is  worth  the  display 
designer's  attention.  On  this  basis,  it  is  mo^  reasonable  to 
assume  that  approximately  0.1  inches  per  minor  scale  graduation 
is  to  be  preferred,  at  least  based  upon  data  derived  from  studies 
dealing  with  electromechanical  display  design.  This  recommenda¬ 
tion,  however,  is  totally  untried  for  electronic  display  design, 
and  extreme  caution  must  be  exercised  in  applying  it. 
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Table  54.  Time  and  Error  Scores  for  Four  Conditions  of 
Quantitative  Scale  Reading*.  (Adapted  frcm  Elkin,  Ref.  115) 


Scale  Graduation  and  Reading  Conditions 
5/5  1/5  1/1  5/1 


Rt.** 

%E**^ 

Rt. 

%E 

Rt. 

%£ 

Rt. 

%£ 

Open-Window 

Display 

1.02 

.85 

1.03 

0.85 

1.21 

0.00 

1.22 

12.10 

Round  Dial 
Display 

1.13 

2.50 

1.16 

2.90 

1.47 

2.50 

1.39 

9.15 

Vertical  Linear 
Scale  Display 

1.18 

3.35 

1.18 

0.40 

1.49 

3.35 

1.43  . 

13.75 

*Based  upon  subject-terminated 
conditions. 

•♦Display  reading  tiK. 
•♦♦Percent  of  display  readings  in 
error. 


5/  scale  graduated  by  fives 
1/  scale  graduated  by  ones 
/5  scale  read  to  nearest  five 
/I  scale  read  to  nearest  one 


0 

■  i 

Table  55.  Probability  of  Scale  Reading  Error 
as  a  Function  of  the  Interval  Between  Minor 
Graduation  Marks.  (Adapted  from  Kappauf,  Ref.  189) 


Distance  in  Inches 
Between  Minor  Graduation 
Heurks 

Probability  of  Misreading 
Minor  Scale  Graduation 
Marks 

.02 

9.6% 

.04 

3.8% 

.09 

1.5% 

V 
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CIRCULAR  SCALES:  IRTERPOLATICH 


Vihen  scales  Bust  be  read  to  accuracies  greater  than  those 
associated  with  individual  graduation  aarks,  the  observer  is 
required  to  interpolate  distances  between  graduation  marks,  ffhen 
interpolation  is  required,  scale  intervals  must  be  expanded 
beyond  those  found  adequate  sii^ly  for  reading  *to  thq  nearest 
scale  mark*. 

A  review  of  the  literature  applicable  to  circular  scale 
indicates  that  the  degree  of  accuracy  associated  with  scale 
interpolations  is  a  function  of  two  primary  variables:  arc 
length  of  the  interval  separating  gradilation  marks;  and  the 
degree  of  interpolation  accuracy  trhich  is  required. 

Considering  just  studies  in  which  scales  were  divided  into 
tens  and  subjects  were  required  to  read  the  scales  to  units,  a 
remarkable  degree  of  consistency  is  found  in  the  experimental 
literature.  The  experimental  data  indicate  that  accuracy  of 
interpolation  increases  as  the  distance  between  graduation 
marks  increeises  up  to  approximately  0.75  inches.  This  finding 
applies  «rhether  reading  error  is  measured  in  terms  of  the 
probability  of  occurxence  of  specified  magnitudes  of  reading 
inaccuracy  (Refs.  192  and  193)  or  whether  magnitude  of  reading 
error  is  expressed  as  a  perc^ent  of  the  scale  interval  (Ref.  150) . 
For  scales  divided  into  fives  and  read  to  units,  accniracy  of 
interpolaticxi  inenreases  as  distance  between  graduation  marks 
increases  up  to  approximately  9.39  inches  (Refs.  192  and  193). 

Kappauf  and  Smith  (Refs.  192  and  193)  investigated  scale 
interpolaticm  accuracy  for  scales  divided  into  either  fives  or 
tens.  Considering  first  the  scales  divided  into  tens,  they 
required  subjects  to  recid  eachi  scale  to  cme  unit  of  accniracy. 
Consequently,  subjects  had  to  estimate  pointer  positions  to 
tenths  of  the  distancre  between  scale  marks.  Distances  between 
scale  marks  was  varied  frena  0.11  inches  to  1.76  inches.  Reading 
time  was  subjeert  ^-aced;  on  the  average,  1.6  seconds  was  spent 
reading  each  display.  Data  fresm  the  study  indicated  that  approxi¬ 
mately  99%  of  the  readings  which  were  in  error  were  in  error  by 
only  one  or  two  scale  units.  These  were  termed  "local  errors* 
by  Kappauf  and  Smith.  Only  about  one  percrent  of  the  errors  were 
as  great  as  five  scale  units.  Figure  82  shows  the  average 
probability  of  occmrrence  of  *loc»l  errors”  for  each  graduation 
interval  stqdied  as  well  as  for  interval  numbering  of  fives  and 
tens.  The  data  in  Figure  82,  therefore,  show  the  probability  of 
reading  errors  of  approximately  20%  of  the  scaled  interval  for 
the  tens  scales  (i.e.,  reading  errors  of  up  to  two  units  for  a 
ten-unit  sc»le  interval)  and  approximately  40%  of  the- scaled 
interval  for  the  five  scales  (i.e.,  reading  errors  up  to  two  units 
for  a  five-unit  scale  interval) . 
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62,  Probability  of  Minor  Scale  Reading  Errora  (1  or  2  Unite)  aa 
Function  of  Scale  Interval  Length.  (Adapted  from  Ref.  192) 


1 


The  trends  in  Figure  82  are  quite  different  for  the  fi-ves 
scales  and  the  tens  scales.  Jls  ai^t  be  eiqpected,  reading 
error  ainiaized  at  Shorter  scale  intervals  for  scades  aaiiced  in 
fives  due  to  the  less  stringent  interpolation  reqnireaent.  Also 
of  interest  is  the  c^servation  that  error  rates  readied  aoch 
lower  levels  for  the  fives  scales  .than  for  the  tens  scales,  even 
under  conditions  idierein  the  saae  arc  length  of  scale  was  used 
for  each  unit  <»  the  two  scales.  Apparently  this  difference  is 
due  to  the  fact  that  in  situations  where  equal  arc  lengths'  are 
devoted  to  each  scale  unit,  the  arc  distance  between  graduation 
marks  for  scales  marked  at  each  fives  units  is  one-half  the 
distance  which  occurs  between  graduation  narks  of  scales  narked 
at  tens.  Accordingly,  the  distance  which  must  be  visually 
fractionated  by  the  observer  is  less  for  scales  narked  at  fives, 
and  the  task  of  visually  dividing  the  smaller  distance  into 
fifths  is  easier  t^han  dividing  twice  the  distance  into  tenths. 
Furthermore,  interpolation  task  difficulty  appears  to  be  an 
increasing  power  functicm  of  scale  interval.  As  such,  doubling 
the  physical  distance'^  within  idiicdi  this  interpolation  must  be 
made  more  than  doubles  the  difficulty  of  the  interpolation  task, 
at  least  in  terms  of  probability  of  reading  error  oa  the  order 
of  one  or  two  scale  units.  This  relationship,  however,  does  not 
appear  to  manifest  itself  in  terms  of  larger  reading  errors  or 
time  required  to  make  the  interpolation.' 

Taking  a  sostewhat  different  approach  in  terms  of  measuring 
error  of  interpolation,  Grether  (Aef.  150)  expressed  imprecision 
in  scale  reading  in  terms  of  percent  of  the  scaled  interval. 

Data  from  Grether  are  shown  in  Figure  83.'  Grether's  data  are 
‘^c(mq>arable  with  those  of  Kaf^auf  and  Smith  for  intervals 
graduated  by  tens. 

Using  Grether's  metric,  it  would  appear  that  reducing  the 
graduation  interval  below  0.60  inches  will  have  a  negative 
influence  upon  interpolatl'm  accuracy.  This  agrees  closely  with 
Kappauf  and  Smith's  finding  of  0.75  inches.  Correspondingly, 
both  the  Grether  studies  and  the  Kappauf  and  Smith  studies  show 
that  expanding  the  graduation  interval  beyond  these  points  does 
little  if  anything  to  enhance  scale  interpolati(»  accuracy.  The 
reader  is  reminded  again,  however,  that  interpolation  accuracy 
also  is  a  function  of  the  numerical  value  assigned  to  each  scale 
interval  (e.g.,  5's  vs  10 ’s),  and  a  choice  exists  for  the  ' 
designer  as  to  trhether  he  should  subdivide  scale  intervals  and 
provide  uncluttered  graduation  marks  at  each  reasonable  vslue 
to  which  a  Scale  should  be  read,  or  whether  he  should  design 
with  optimum  interpolation  in  mind.  The  answer  to  these  ques¬ 
tions  lies  with  the  designer.  I 
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Error  -  Parcan 


Scale  Interval  Length  in  Inches 


Figure  83.  Scale  Reading  Error  as  a  Function  of 
Scale  Interval  Length.  (Adapted  fron  teef.  150) 
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LINEAR  SCALES:  INTERPOLATION 


Introduction 

Applicable  research  dealing  directly  with  the  legibility 
of  either  vertical  or  horizontal  linear  scales  is  considerably 
less  conclusive  than  comparable  circular  scale  research.  Indeed, 
only  three  different  experimental  studies  are  reviewed  below  in 
relation  to  linear  scale  legibility,  and  the  reader  is  advised 
r  that  the  amount  of  agreement  among  the  findings  of  these  studies 

is  not  high.  None  appear  to  provide  conclusive  design  guide¬ 
lines,  at  least  in  compatrison  with  the  data  available  for 
circularly  scaled  displays. 

Interpolation  Accuracy 

In  two  early  studies,  Churchill  (Refs.  68  amd  69)  investi¬ 
gated  interpolation  accuracy  for  vertical  scales  in  which 
graduation  marks  were  spaced  freo  0.25  to  3.00  inches  apart. 
Viewing  distance  was  28  inches.  Subjects  read  the  position  of  a 
pointer  to  an  accuracy  of  one-tenth  of  each  scaled  interval. 
Consequently,  the  criterion  of  reading  accuracy  varied  with 
scale  factor,  and  Churchill’s  data  do  not  present  the  probability 
of  making  constant  accuracy  interpolations  a  function  of  the 
distance  separating  graduation  marks.  His  data  do  shew,  however, 
the  probability  of  correctly  interpolating  vertical  scales  to 
within  10%  of  intervals. 

In  his  first  study,  Churchill  (Ref.  68)  did  not  systemati¬ 
cally  vary  display  reading  time.  Each  subject  was  instructed 
to  read  the  simulated  displays  as  quickly  and  accurately  as 
possible.  Reading-  error  and  reading  time  data  from  the  study 
are  shown  in  Figure  84  where  it  can  be  seen  that  percent  of 
readings  in  error  tended  to  decline  with  increasing  graduation 
mark  separation  up  to  adraut  I. 00  inches,  whereafter  increasing 
the  separation  produced  only  very  slight  further  decreases  in 
interpolation  error.  Mean  time  to  make  a  display  reading,  on 
the  other  hand,  failed  to  show  any  sizeable  decreases  for 
separations  greater  than  0.75  inches.  Churchill  did  not  publish 
detailed  statistical  analyses,  and  it  is  unknown  at  what 
graduation  mark  intervals  performance  failed  to  become  signifi¬ 
cantly  better  in  a  statistical  sense. 

In  a  second  study,  Churchill  (Ref.  69)  essentially  repeated 
his  earlier  experiment  with  one  significant  change.  In  the 
second  study,  display  reading  time  was  controlled  and  limited 
to  500  milliseconds.  Data  from  the  second  study  also  are  shown 
in  Figure  84  where  it  is  .apparent  that  reducing  the  display 
viewing  time  produced  considerably  more  interpolation  errors. 
Again,  however,  Churchill  demonstrated  that  reading  accuracy 
improved  with  increased  scale  separation  up  to  1.00  inches,  thus 
confirming  the  trend  shown  in  his  earlier  data.  Unlike  his 
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(A)  Subject-Pacod  Trials. 

(B)  0.5-Second  Viewing  Time. 

(C)  Reading  Time  for  Subject-Paced  Trials. 
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.  Reading  Errora  and  Timoa  for  Vortical  Scales  as  a  Function 
f  Scale  Interval  Length.  (Adapted  from  Refs.  68  and  69) 


earlier  data,  r.owever,  reading  errors  free  the  second  study 
sr.crmed  a  trend  tc  increase  for  scale  separations  greater  than 
l.jj  ir.cr.es.  A  simlar  trend  also  is  reported  oy  Kelso  (Refs. 

2G1  and  202)  in  that  she  also  found  inprovod  reading  acciiracy 
-ith  increased  scale  factor  only  up  to  a  point,  beyond  which 
increased  scale  factor  resulted  in  a  perfomance  decrexient. 

Carr  and  Garner  (Ref.  59)  reported  an  experinent  in  which 
subjects  were  requested  to  estimate  the  position  of  a  pointer 
to  the  nearest  lOOth  of  an  interval  using  a  horizontal  scale. 

The  scales  were  viewed  at  a  distance  of  20  inches,  and  -display 
reading  tire  was  not  reported.  All  experimental  trials,  however, 
were  sub ject-paced.  Reading  error  was  defined  as  the  difference 
between  actual  and  estimated  pointer  position  measured  in  milli¬ 
meters.  N‘o  statistical  analyses  were  reported. 

Data  from  Carr  and  Gamer's  st^J^!y  are  sh<7/n  in  Figures  55  and 
£6.  It  is  apparent  from  Figure  85  that  reading  errors,  expressed 
as  a  percent  of  the  scale  interval,  were  never  in  excess  of  10%, 
even  for  relatively  small  intervals.  It  is  further  apparent 
that  error  showed  a  continuous  decreasing  trend  for  graduation 
intervals  up  to  20  millimeters  (0.8  inches),  but  that  decreases 
in  error  were  quite  ssall  for  scale  intervctls  greater  than  15 
millimeters  0.6  inches).  Assuming  a  constant  visual  angle,  scale 
intervals  at  a  28-inch  viewing  distance  corresponding  with  the 
15  millimeter  scale  interval  would  be  approximately  0.85  inches. 

By  far  the  most  comprehensive  linear  scale  legibility  study 
is  reported  fay  Kelso  (Refs.  201  and  202) .  She  investigated  the 
combined  effects  of  the  following  variables  upon  reading  time 
and  the  absolute  error  of  interpolation:  scale  orientation, 
vertical  and  horizontal;  scale  factor  (i.e.,  the  distance  in 
inches  between  major  numbered  graduation  marks),  1.38,  1.88  and 
2.38  inches;  and  number  of  graduaticxi  marks  used  to  subdivide 
each  scale  factor  interval,  zero,  one,  three,  four  and  nine. 

She  defined  absolute  error  as  the  scale  value  difference  between 
actual  au:d  reported  scale  values.  One  hundred  and  fifty  Air 
Force  officers  participated  in  the  study.  The  various  ccebina- 
tions  of  simulated  scales  were  rear-projected  onto  a  viewing 
screen  which  was  located  28  inches  froe  the  subject's  eyes. 

The  subject's  task  was  to  read  each  displayed  value  to  the  laost 
accurate  value  which  he  felt  he  could.  In  this  respect,  Kelso's 
study  differs  from  practically  all  other  scale  legibility 
studies  in  that  subjects  were  not  instructed  to  read  each  scale 
to  a  pre-determined  level  of  accuracy,  such  as  tenths  or 
hundredths  of  a  scale  division. 

Reading  error  data  from  the  Kelso  study  are  snown  in  Figures 
37  and  33.  Reading  time  data  are  shown  in  Table  56.  The  error 
data  correspond  to  reading  error  magnitudes  (in  scale  units) 
which  would  be  exp-ected  if  the  scales  were  graduated  in  cne- 
unit  increments  at  each  major  scale  graduation.  The  reader's 
atte.ntion  is  drawn  tc  two  general  trends  in  these  data.  First, 
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Figure  85.  Relative  Error  of  Visual  Interpolations  i: 
Percent  of  the  Scale  Interval  as  a  Function  of  the 
Size  of  the  Scale  Interval.  (Adapted  frca  Ref.  59) 
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Figure  86.  Absolute  Error  of  Visual  Interpolations  i.n  M 
as  a  Function  of  the  Size  of  the  Scale  Marked  Interval 
(Adapted  fron  Ref.  59) 


Table  56.  Mean  Display  Reading  Times  in  Seconds  as  a 
Function  of  Scale  Orientation,  interval  Length  and 
Sunber  of  Graduation  Marks  per  Interval. 
(Adapted  from  Ref.  201) 
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.1  splay  conditions  which  produced  shorter  reading  tiioes  did  not 
produce  higher  reading  accuracies.  This  is  consistent  with  the 
findings  of  other  display  legibility  research.  Displays  ^ich 
nay  oe  read  quickly  may  not  necessarily  be  read  accurately. 

The  second  trend  involves  reading  tine  data  only.  Mean  reading 
tir^s  ranged  from  2.6  to  6.4  seconds.  Practically  all  of  the 
r.ean  reading  times  reported  by  Kelso  are  considerably  greater 
than  reading  times  repsorted  in  any  other  study  of  display 
legibility  research.  Kelso  also  observed  this  situation  and 
attributed  her  longer  reading  times  to  the  demanding  accuracy 
criterion  which  she  instructed  her  subjects  to  use.  Although 
this  app-ears  as  a  reasonable  explanation,  it  is  felt  that  the 
reading  accuracy  findings  published  by  Kelso  must  be  interpreted 
cautiously  in  light  of  t-ie  exceptionally  long  times  whicdi 
subjects  required  to  make  at  least  some  display  readings,  and 
the  corresponding  large  differences  bet%feen  such  reading  times 
and  "typical"  eye  fixation  times  associated  with  reading  cockpit 
displays. 

Considering  first  the  results  as  they  apply  th  vertically 
scaled  inscrunents,  the  following  conclusions  can  be  drawn: 

-  The  1.88  inch  scale  factor  produced  significantly  {P=.05) 
smaller  reading  errors  them  did  the  1.38  or  2.38  inch  scale 
factor  displays.  Mean  reading  errors  were  statistically 
comparable  for  the  1.38  2.38  inch  scale  factor  conditions. 


-  Conditions  incorporating  either  9  or  4  graduation  marks 
resulted  in  smaller  mean  errors  than  the  3,  1  or  zero  graduation 
mark  conditions.  Performance  was  statistically  comparable  for 
the  9  and  4  graduation  mark  conditions.  The  use  of  3,  1  or  zero 
graduation  marks  not  only  produced  greater  mean  reading  error, 
but  the  magnitude  of  error  became  significantly  greater  for  each 
reduction  in  the  number  of  graduation  marks. 

-  Similar  trends  were  apparent  from  the  analysis  of  standp 
ard  deviations  of  the  reading  error  data. 

-  Reading  times  were  affected  primarily  by  the  number  of 
graduation  marks,  and  were  relatively  unaffected  by  scale  factor. 

Considering  the  results  as  they  apply  to  horizontally 
scaled  instriments ,  it  is  apparent  that  trends  in  the  data  are 
somewhat  different  from  those  associated  with  vertical  scale 
instruments.  The  following  conclusions  Ccui  be  drawn: 

-  Scale  factor  had  no  statistically  significant  impact  upon' 
reading  error  for  the  horizontal  scales. 


-  The  effect  produced  by  graduation  marks  is  similar  for 
horizontal  and  vertical  scales.  Either  9  or  4  graduation  marks 
resulted  in  statistically  similar  reading  error.  Either  9  or 


!rks  was  superior  to  3, 


zero  graduat xons . 
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Either  3  or  1  graduation  nark  resulted  in  statistically  ccnpara- 
ble  reading  errors.  Perfomance  was  poorest  with  zero  gradua¬ 
tion  narks . 

-  Sinilar  trends  were  apparent  from  the  analysis  of 
standard  deviaticwis  of  the  reading  error  data. 

-  Reading  tines  were  affected  primarily  by  the  nunber  of 
graduation  narks,  and  were  unaffected  by  scale  factor. 


Colap^urison  Among  Studies 


*ssl. 


Data  generated  by  Churchill  or  Kelso  can  only  be  directly 
conpared  for  the  vertical  scales.  Any  consparison  of  the  data 
produced  by  the  two  researchers,  however,  indicates  a  lack  of 
consistency,  even  considering  that  the  two  enployed  sonewhat 
different  reading  accuracy  criteria.  In  two  studies,  Cnurchill 
found  that  interpolation  error  was  nininized  when  about  one  incr. 
of  scale  distance  separated  adjacent  graduation  narks.  This 
finding  held  for  display  reading  times  of  approxinately  0.5  or 
1.7  seconds.  Kelso,  on  the  other  hand,  has  shown  that  interpola¬ 
tion  error  is  minimized  when  about  0.19  inches  of  scale  distance 
separated  adjacent  graduation  marks.  Tnis  rather  marked, 
apparent  reduct icxi  in  graduation  mark  separation,  however, 
appears  to  have  been  achieved  at  the  expense  of  display  reading 
ticve  since  Kelso  reports  that  associated  mean  reading  tir^s 
varied  between  3.6  and  4.6  seconds.  Additionally,  Kelso's  data 
are  not  in  close  agreement  with  prior  research  (e.g. ,  Refs.  115 
cind  199)  which  has  shown  that  reading  accniracy  improved  with  the 
addition  of  graduation  marks,  provided  that  the  numbers  of  narks 
produce  neither  clutter  nor  confusing  scale  subdivision  units. 
Once  again  it  may  be  suspected  that  the  exceptionally  long 
display  reading  times  reported  by  Kelso  nay  have  been  a  direct 
contributor  in  this  respect.  Finally,  data  reported  by  either 
Churchill  or  Kelso  are  in  toteil  disagreement  with  similar  data 
generated  within  the  context  of  circular  scale  displays .  As 
noted  previously,  interpK>lation  accuracy  for  circular  scale 
displays  ceases  to  show  any  meaningful  improvenent  for  distances 
between  minor  graduation  marks  much  in  excess  of  0.50  to  0.75 
inches.  Findings  published  by  Carr  and  Gamer,  however,  are  in 
close  agreement  with  circular  scale  data. 

In  light  of  the  degree  of  inconsistency  found  among  the 
data  dealing  with  the  design  of  either  vertical  or  horizontal 
scales  for  maximum  readability,  it  would  appear  that  it  is  still 
necessary  to  experimentally  verify  that  new  vertical  or  hcrizcn- 
tal  scales  are  designed  to  meet  specified  readability  require¬ 
ments,  at  least  when  scale  interpolation  is  anticipated. 
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CHECK  READ  I!;G  CJZS 


It  has  long  been  recognized  that  certain  additions  to  basic 
scales  assist  the  operator  in  identifying  out  of  tolerance  or 
undesirable  values  of  a  paraneter.  Perhaps  one  of  the  nost 
well-xncwn  such  checkreading  cue  is  the  coasiand  index  of  the 
type  frecraently  used  on  vertical  tape  flight  data  displays.  It 
has  also  been  pointed  out  (Pef.  230)  that  the  use  of  the  color 
can  facilitate  a  qualitative  checkreading  task.  Typically,  red 
is  used  to  indicate  a  dcinger  conditicm,  yellow  indicates 
caution,  and  green  is  used  to  indicate  normal  or  acceptable 
performance.  As  noted  in- the  report  section  titled  ISFORMATIOJ* 

CODING,  however,  the  use  of  color  nay  not  be  necessary  in 
electronic  flight  data  displays.  Consequently,  the  use  of  color 
for  checkreading  cues  should  be  approached  with  caution,  and 
then  only  after  other  coding  techniques  have  been  exhausted. 

The  remaining  coding  technique  which  has  application  in 
providing  checkreading  cmes  is  shape  coding.  Typical  (Refs.  230, 

247  and  360)  shape  coding  recomendations  which  have  potential 
application  to  electronic  flight  data  display  scales  include  the 
following:  a  cross-hatched  or  angularly  striped  area  to  denote 

an  undesirable  condition;  a  sawtoothed-edged  area  to  denote  a 
dangerous  vibration  condition;  a  thick  line  running  perpendicu¬ 
lar  to  graduation  marks  to  indicate,  normal  operating  range;  an 
uncoded  interval  between  a  nonaai  operating  range  code  and 
danger  condition  code  to  indicate  an  inefficient  operating 
condition. 

So  hcird  euid  feist,  quantitative  rule  exist  for  assisting  j 

the  display  designer  in  determining  when  to  use  shape  coding  on 
scales.  Similarly,  no  studies  were  identified  which  explored 
design  factors  for  shape  codes  in  the  context  of  electronically 
generated  displays. 


RESEARCH  RECO.MMESDATIOKS 


Although  numerous  experimental  investigations  have  ad¬ 
dressed  design  considerations  for  scale  readability,  it  is 
apparent  that  additional  research  is  required.  Research  require¬ 
ments  s-or  fror  three  primary  considerations.  First,  prior 
applicable  research  conducted  in  electrocaechanical  display 
contexts  has  frequently  produced  inconclusive  and  occasionally 
contradictory  findings.  Consequently,  there  is  not  a  solid  base 
from  vrhich  to  generalize  to  the  electronic  display  medium.  A 
second  consideration  is  that  scale  legibility  research  has  not 
always  produced  the  type  of  data  which  is  nost  useful  in  making 
design  tradeoff  decisions.  Much  of  the  research  done  to  date 
has  centered  around  identifying  the  combinations  of  scale  design 
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factors  which  produce  aaxic:na  precision  of  scale  legibility . 

Dr.e  nust  asX,  however,  legibility  for  what?  yar.y 

paraaseters  of  infornaticn  displayed  in  the  cockpit  nust  be  read 
only  to  pre-specif ied  tolerance  levels,  and  there  are  narked* 
voids  in  knowledge  regarding  the  effects  of  corbinations  of 
scale  design  factors  relating  to  operationally-based  legibility 
requireiaents ,  including  both  accuracy  and  tine.  Finally,  no 
research  studies  were  found,  either  past  or  on-going,  which 
directly  investigated  scale  legibilit'  in  an  electronic  display 
cxjntext.  The  closest  studies  involved  transillunir.ated  display 
techniques  such  as  reeir-projection  of  stimulus  materials,  but 
even  these  techniques  have  not  addressed  problems  with  resolution 
or  contrast  ratio. 

All  of  the  research  recoetraendations  identified  belcw  assume 
straight  scales,  both  vertical  and  horizontal.  Furtheraore - 
linear  scales  are  assumed,  as  are  proper  numbering  schemes  for 
scale  interveils  and  the  use  of  a  suitable  numeric  font  and  size. 
Finally,  an  electronically  generated  direct  view  display  and  a 
28-inch  viewing  distance  are  assumed.  Several  categories  of 
research  follow. 

Scale  Shape 

There  is  sufficient  evidence  in  the  literatiire  to  indicate 
that  readability  data  generated  using  either  a  vertical  or  a 
horizontal  scale  may  not  be  directly  generalizable  to  the  other 
scale  orientation.  Consequently,  each  rtisearch  topic  discussed 
below  should  be  investigated  for  both  display  orientations. 

Aperture  Size 

^serture  size  refers  to  the  total  range  of  scale  which  is 
visible.  There  is  evidence  to  indicate  that  aperture  size  may 
have  an  impact  upon  both  the  speed  and  accuracy  with  which 
straight  scales  can  be  read.  However,  there  are  no  data  which 
investigate  the  effects  of  a  wide  range  of  aperture  sizes  upon 
either  speed  or  accuracy  of  scale  readings.  It  is  recommended, 
therefore,  that  aperture  sizes  ranging  from  two  to  eight  inches 
be  investigated  for  their  influence  upon  scale  reading  times  and 
reading  errors . 

Headline  Configurations 

The  readline,  or  fixed  reference  against  which  a  scale  is 
reaid,  merits  at  least  some  exploratory  investigation,  even  if 
only  in  the  context  of  verifying  that  assumed  readline  con¬ 
figurations  will  provide  accepteible  scale  legibility.  The 
problem  appears  less  pronounced  for  readlines  which  are  physicalir 
ly  part  of  the  display,  such  as  those  painted  on  the  display 
face.  When,  however,  readlines  are  electronically  generated,  it 
is  nandatt.ry  that  the  readline  be  conspicuous  and  easily  dis- 
crizainable  from  other  display  syiabology.  In  this  regard ,,  the 
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area,  stroke  width,  or  geonetric  fom  of  the  readline  is 
particularly  i~portant.  Indeed,  a  very  nveaningful  comparison 
would  involve  painted  versus  electronically  generated  readlines 
configurations.  Additionally,  contrast  ratio  . -^cuirenents  must 
ue  establisned  for  readlines  just  as  they  rust  yet  be  estab¬ 
lished  for  other  display  s^.ccbologg*.  Sinilarly,  resolution 
variables  including  bandwidth,  niunoer  of  active  raster  lines, 
or  spot  (emitter)  size  for  digitally  addressed  displays  require 
examination .  Because  scales  are  used  for  making  both  quantita¬ 
tive  readings  and  for  checkreading,  it  would  be  highly  desirable 
to  investigate  the  effects  of  reading  characteristics  for  both 
types  of  tasks.  Reading  error  rate,  error  magnitude,  and 
reading  tiCie  are  relevant  indices  of  performance. 

Stroke  Width  and  lencth  of  Scale  Markinas 

- -  - - -  —  ^  _  ■  ■■  ...  _ 

Human  factors  recommendations  and  Military  Standards  exist 
for  lengths  and  stroke  widths  of  scale  markings  only  for  electrc 
.mechanical  displays,  hone  exist,  ncwever,  for  electronically 
generated  flight  displays.  It  has  been  dernonstrated  that 
variations  in  stroke  width  can  impact  upon  the  precision  with 
which  scale  values  can  be  interpolated.  Indeed,  because  many 
electronically  generated  display  elements  frequently  are 
comprised  of  li-ne  segments,  it  would  be  appropriate  to  investi¬ 
gate  scale  markings  within  the  more  general  context  of  line 
dimensions.  Either  way,  the  following  display  variables  require 
exploration;  Factors  of  resolution  including  as  appropriate 
bandwidth,  number  and  width  of  raster  lines,  or  spot  (emitter) 
size-  Again,  contrast  ratio  requirements  remain  to  be  estab¬ 
lished  for  the  spectrum  of  cockpit  ambient  brightnesses,  eye 
adaptation  levels,  and  display  background  brightnesses  which  may 
be  anticipated. 

Line  Dimension 


Kit.hin  this  ge.neral  context  of  variables,  it  appears 
reasonable  to  investigate  line  stroke  widths  ranging  from  0.015 
to  0.10  ,  inches.  For  application  to  the  construction  of  scales, 
line  lengths  ranging  from  0.10  to  0.75  inches  should  be  explored 
with  the  objective  of  identifying  three  readily  discriminable 
line  lengths  for  use  as  major,  intermediate  Md-hSinor  graduation 
marks.  Longer  line  lengths  up  to  liw  inches  also  should  be 
investigated  with  the  objective  of  identifying  not  only  stroke 
width  requirements,  but  also  display  system  requirements  for  eas 
of  legibility  and  discriminability.  Finally,  it  is  recommended 
that  the  line  dimension  research  described  above  include  various 
orientations  of  t.he  lines  and  scales  on  the  display  face  up  to 
90  degrees  from  vertical  in  order  to  provide  data  on  the 
combined  influences  of  resolution,  emitter  shape,  bandwidth, 
co.ntrast  ratio,  etc.,  upon  line  diriension  requirements  through¬ 
out  the  total  range  of  aircraft  roll  attitudes.  Experimental 
tasks  should  include  discrimination  among  lines  of  various 
length  in  a  display  scale  context,  scale  reading  to  the  nearest 


graduation  ir.ark,  scale  interpolation,  and  vernier  acuitj'  as  a 
function  of  line  orientation.  Appropriate  performance  indices 
are:  probability  of  reading  error,  probability  of  reading  error 

of  pre-selected  magnitudes  based  upon  scale  reading  perfcmance 
requirements,  and  display  reading  tine. 

Spacing  of  Graduation  Marks 

When  graduation  marks  are  not  adequately  separated,  scale 
clutter  occurs,  and  scale  reading  perforaance  deteriorates. 
Experimental  evidence  generated  using  simulated  electromechanical 
displays  indicates  that  the  effects  of  clutter  nay  become 
apparent  when  graduation  marks  are  separated  by  less  than  0-04 
inches.  Electronically  generated  display  images,  however,  may 
not  be  characterized  by  the  high  degree  of  resolution  inherent 
in  printed  display  scales.  Accordingly,  spacing  between 
graduation  marks  requires  at  least  lir.ited  investigation  if  only 
to  identify  the  limits  of  display  scale  crowding  or  clutter 
beyond  which  operator  performance  can  be  expected  to  suffer. 
Graduation  mark  spacing  from  0.04  to  0.25  inches  should  be 
explored  in  the  context  of  a  scale  reading  task  which  requires 
the  operator  only  to  read  the  scale  to  the  nearest  scale  marking. 
Probability  of  error  and  reading  time  data  are  required.  This 
research  topic  should  assume  that  suitable  basic  line  dimension 
criteria  have  been  estaiblished,  as  well  as  legibility  contrast 
ratio  requirements,  and  should  be  based  solely  upon  establishing 
criteria  of  scale  clutter  in  relation  to  display  system 
resolution. 

Scale  Factor 


The  area  in  which  straight  scale  legibility  research  is 
most  lacking  and  where  the  greatest  conflicts  among  existing 
data  occur  is  with  regard  to  the  required  spacing  between 
adjacent  graduation  marks  necessary  to  produce  pre-specif ied 
accuracies  in  scale  interpolation  tasks.  Based  upon  research 
conducted  with  actual  or  simulated  electromechanical  displays, 
it  would  appear  that  quick  and  accurate  reading  of  scales  to 
the  nearest  graduation  mark  can  be  accomplished  when  graduation 
marks  are  spaced  at  least  0.10  inches  apart.  However,  it  is  to 
be  expected  that  accuracy  of  interpolation  would  not  be  precise 
with  this  scale  factor. 

The  performance  data  which  the  designer  needs  relate  to  the 
probability  of  the  pilot's  consistently  making  scale  readings  to 
a  specified  degree  of  precision.  For  example,  the  designer  who 
is  charged  with  designing  the  heading  scale  for  a  flight  direct¬ 
or  display  may  be  concerned  with  identifying  the  scale  factor 
which  will  ensure  that  the  pilot  will  be  able  to  read  heading  to 
+  0.5  degrees  90%  of  the  tine.  In  this  example,  it  can  be  noted 
that  the  hypothetical  designer  is  not,  for  example,  asking: 

"'.Vhat  scale  factor  will  provide  absolutely  the  highest  degree  of 
precision  in  reading  heading  from  a  horizontal  scale?"  It  is 
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reconanended,  therefore,  that  scale  factor  research  be  conducted, 
but  with  the  objective  of  establishing  probability  of  reading 
error  for  a  f^unily  of  pre-selected  reading  accuracy  require¬ 
ments.  Additionally,  it  is  reconsaended  that  controlled  display 
reading  times  of  500  and  1,000  milliseconds  be  used  in  addition 
to  subject-paced  display  readings.  With  these  values  in  mind, 
it  is  recommended  that  research  be  accomplished  in  order  to 
identify  and  quantify  effects  of  the  following  scale  design 
variables: 

-  Scale  orientation,  including  both  vertical  and 
horizontal . 

-  Distance  separating  minor  graduation  marks, 
ranging  from  0.10  to  1.50  inches. 

-  Contrast  ratios  required  to  maximize  display 
reading  performamce  for  all  combinations  of  the 
variables  above - 
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SECTION  VII 


FACTORS  AFFECTING  VISUAL  ACUITY 


INTRODUCTION 

Visual  acuity  is  operationally  defined  as  the  reciprccsl  or 
the  angle  in  minutes  of  arc  subtended  by  the  sr.ailest  detail' 
which  can  be  resolved  by  the  human  eye  under  a  given  set  cf  view¬ 
ing  conditions.  Values  of  visual  acuity  vary  as  a  fur.cticn  cf 
the  type  of  visual  target  presented,  the  type  of  display  syster. 
used  to  present  it,  the  environmental  conditions  under  which  it 
is  viewed,  and  the  method  of  measurement  employed.  Five  reasures 
of  acuity  are  commonly  used  (minimum  visible,  mi.nir.ur  percc-ptah le , 
minimum  separable,  vernier  and  steroscopic)  .  Minirar.  separable 
acuity  is  the  measure  most  useful  for  display  design  p-.  rpcses. 
Minimum  separable  acuity  is  defined  as  the  minirum  arc  ..;t  of 
separation  necessary  for  two  light  sources  (or  twc  nor.-iurir.cus 
images,  i .e.,  parallel  bars)  to  be  perceived  as  disti.nct  ob;ec*-s. 

Poole  (Ref-  268)  states  that  if  the  average  engineer  is 
asked  to  specify  the  limits  of  visual  acuity  for  the  hur.an  eye, 
the  figure  one  minute  of  arc  will  automatically  be  elicited,  but 
without  any  qualifying  circumstances.  Technically,  this  value 
refers  to  the  generally  accepted  resolving  power  of  the  eye  and 
not  to  the  human  visual  system's  performance  with  specific  types 
of  tasks.  Actually,  however,  the  eye  can  detect  visual  stimuli 
as  small  as  one  second  of  arc,  with  approximately  14  seconds  of 
arc  being  reliably  reported  under  normal  viewing  conditions  (the 
size  of  crosshairs  on  binoculars) .  But,  detecting  is  different 
from  resolving  (identifying) .  The  human  eye,  under  ideal 
conditions,  can  resolve  details  as  small  as  0.30, seconds  of  arc. 
However,  the  eye  is  not  an  ideal  optical  system  and  does  not 
normally  view  stimuli  under  ideal  conditions.  For  this  reason, 
the  normalized  value  of  one  minute  of  visual  arc  is  conmonly 
accepted  as  the  minimum  resolvable  limit  of  the  eye.  But,  this 
value  is  invalid  unless  the  operational  ar^  environmental 
conditions  to  which  it  is  to  be  applied  are  specified. 

The  eye  has  no  well  defined  single  limit  of  total  image 
size  that  can  be  perceived  as  most  other  imaging  systems  do. 
Instead,  there  is  a  very  small  area  of  maximum  resolution  known 
as  the  fovea  which  covers  a  visual  angle  of  approximately  two 
degrees  in  any  direction  frcxn  the  visual  axis.  This  area  is 
surrounded  by  an  area  of  rapidly  decreasing  resolution, 
extending  out  to  fairly  wide  angles  (35-40  degrees).  It  is 
consequently  necessary  for  the  eye  to  scan  from  one  fixation 
point  to  another  in  order  to  resolve  an  image  larger  than  that 
which  is  included  in  the  four  degree  central  cone.  The  require¬ 
ment  to  scan,  in  turn,  limits  the  amount  of  information  that  can 
be  presented  at  one  fixation  point,  as  the  amount  of  detail 
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Figure  89.  Factors  Affecting  Visual  Acuity. 


resolved  is  a  function  of  viewing  time.  In  a  given  unit  of 
viewing  time,  the  detail  that  can  be  resolved  nay  be  increased 
(or  decreased)  by  varying  the  luminance  output  of  the  display 
(target,  surround  and  background) ,  contrast  (both  hue  and 
brightness) ,  and  the  adaptation  level  of  the  eye.  The  latter 
three  parameters,  in  turn,  interact  to  influence  the  aberration 
effects  of  the  eye  itself  (spherical  and  chromatic)  . 

A  basic  understanding  of  the  parameters  affecting  visual 
acuity  and  an  appreciation  of  the  interaction  of  these  parameters 
allows  greater  freedom  for  the  display  designer.  If  it  is 
remembered  that  any  information  display  consists  of  both  the 
electronic  flight  display  equipment  and  the  visual  system  of  the 
observer,  and  that  the  visual  system  limitations  will  limit  the 
total  system  performance  just  as  much  as  will  the  display  equip¬ 
ment  resolution,  then  judicious  trade-offs  can  be  made  among  the 
display  parameters  to  optimize  use  of  the  observer's  visual 
acuity.  Evidence  of  the  lack  of  this  understanding  is  found  in 
the  fact  that  displays  have  been  built  with  resolution  greater 
than  the  eye  can  appreciate  (high  resolution  CRT-type  displays)  . 
Conversely,  displays  have  been  built  which  have  actually  degraded 
the  observer's  visual  cibilities  (early  first  generation  color 
CRT's)  .  The  task  at  hand  then,  is  to  relate  the  data  from  the 
area  of  visual  acuity  to  the  researcher  in  the  area  of  display 
resolution;  but  it  must  be  related  in  a  manner  that  comprehendable 
to  both  areas.  Once  this  'communication  gap'  is  bridged  the 
road  will  be  opened  for  more  fruitful  and  efficacious  exploration 
of  both  areas 

The  basic  visual  acuity  factors  to  be  examined  include: 

1.  Luminance  level  -  The  effect  of  varying  the  background, 
target  or  surround  luminance  level  while  holding  other  factors 
constant. 

2.  Contrast  ratio  -  The  effects  of  varying  hue  and 
brightness  contrast  on  visual  acuity. 

3.  Viewing  time  -  How  viewing  time  affects  the  above  factors. 

4 .  Adaptation  level  -  How  the  level  of  eye  adaptation 
interacts  with  luminance  level  and  contrast  to  affect  acuity. 

5.  Aberration  Effects  -  How  the  cibove  factors  interact  to 
degrade  visual  performance. 

6.  Dynamic  Acuity  -  What  the  effects  of  tcirget  and/or 
observer  motion  are  on  basic  acuity. 

7.  Retinal  Image  Location  -  The  effects  of  varying  viewing 
angle  and  retinal  image  location  on  acuity. 
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Although  these  factors  are  examined  individually,  it  must 
te  re.-eru>ered  that  they  are  not  isolated  linear  functions.  All 
of  the  ah-cve  factors  are  interrelated  and  one  cannot  be 
addressed  without  considering  it's  effects  on  other  parameters. 
The  interaction  of  factors  is  more  important,  as  far  as  visual 
acuity  is  concerned,  than  the  range  of  variation  of  any  single 
parameter.  It  must  also  be  renenbered  that  most  of  the  data 
presented  here  were  derived  from  studies  conducted  under  ’ideal* 
cr  laboratory  conditions;  the  greater  percent  of  which  used 
white  light  to  illuminate  dark  symbols  viewed  against  light 
backgrounds.  Few,  if  any,  of  the  nei'formance  deteriorating 
environmental  factors  (vibration,  stress,  visual  fatigue)  were 
present.  Consequently,  the  data  presented  are  for  ’ideal* 
conditions.  With  the  exception  of  one  or  two  studies,  little 
experimentation  has  been  done  under  actual  ’operational’ 
conditions  (Figure  89) - 


LUMINANCE  LEVEL 


Visual  acuity  varies  directly  as  a  function  of  the  luminance 
level  of  the  display  being  observed.  Luminance  level  also 
interacts  with  a  number  of  other  display  parameters  (contrast 
ratio,  eye  adaptation,  emitted  hue,  and  aberration  effects)  to 
indirectly  affect  acuity.  This  interaction  effect  will  be 
addressed  later  in  this  section.  First,  however,  the  two 
prirsary  display  luminance  sources  will  be  discussed;  display 
background  luminance  and  display  surround  illumination. 

Background  Luminance 

The  curve  in  Figure  90  is  an  average  drawn  through  the  data 
from  six  separate  investigations  of  visual  acuity  as  a  function 
of  display  background  luminance.  These  data  are  derived  from 
foveal  viewing  of  light  targets  on  uniformly  illuminated  white 
backgrounds.  It  is  seen  that  visual  acuity  increases  rapidly  as 
the  luminance  increases  in  the  middle  range  of  values  (from  0.01 
to  100  nillilcurhert  or  log  =  -2  to  log  =  2).  Above  this  point, 
the  curve  does  not  rise  as  rapidly,  although  it  continues  to 
increase. 

Luxenberg  and  Kuehn  (Ref.  226)  report  a  study  conducted  by 
Lythgoe  (Ref.  227)  in  which  the  Landolt  Ring  was  used  at  varying 
orientations  to  obtain  visual  acuity  data  as  a  function  of 
luminance  level.  The  results  of  this  study  are  plotted  in 
Figure  91-  The  target  (dark)  was  viewed  against  a  white  back¬ 
ground  and  the  entire  visual  field  (with  the  exception  of  the 
highest  luminance  level)  was  kept  approximately  equal  to  the 
background.  The  observer’s  eyes  were  adapted  to  each  luminance 
level  prior  to  measurement  and  the  criterion  for  the  determination 
of  the  opening  location  was  taken  as  nine  correct  responses  out 
cf  16  trials. 
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Background  Luminance  (Log  Millilamberts) 


Figure  90.  Visual  Acuity  as  a  Function  of  Background  Luminance. 
(After  Moon  and  Spencer,  Ref.  245). 


10  ^  10“^  lO'^  1  10  10^  10^  lo'* 


Lumens/Foot^  =  Foot-Candles  =  Foot-Lamberts 

♦  Operationally  defined  as  reciprocal  of  the  angle 
in  minutes  of  the  smallest  resolvable  detail. 

Figure  91.  Acuity  as  a  Function  of  Background  Luminance. 

(After  Lythgoe,  Ref.  227) 
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fiecht  ar.d  Mintz  (Pef.  161)  reported  a  study  in  which  they 
.T.Dasured  visual  acuity  as  a  function  of  different  illumination 
levels.  Their  results  indicated  that  the  highest  illumination 
level  (100  FL-L)  produced  visual  acuity  fine  enough  to  detect 
stinuli  as  small  as  0.5  second  of  arc.  This  finding  is 
particularly  interesting  in  light  of  the  fact  that  microscopic 
studies  (Ref.  269)  have  shown  that  individual  rod  and  cone 
elements  are  much  larger  than  this.  They  are,  in  fact,  approxi¬ 
mately  30  seconds  of  arc  (1.5  to  2.5  microns) .  Morgan  and 
Stellar  (Ref.  248)  have  attempted  to  explain  this  phenonena  by 
pointing  out  that  the  actual  pattern  of  the  stimulus  on  the 
retina  is  many  times  the  size  of  the  visual  object  that  can  be 
seen.  Light  passing  through  the  eye  diffracts  in  the  ocular 
media  so  that  the  image  in  the  retina  is  a  somewhat  enlarged 
and  distorted  version  of  the  original  stimuli.  The  authors 
suggest  that  a  stimulus  on  the  order  of  0.5  seconds  of  arc  may 
stimulate  as  many  as  three  or  four  cones. 

Geldard  (Ref.  130)  suggests  that  both  rods  and  cones  vary 
among  their.selves  with  respect  to  threshold.  At  the  lowest 
illumination  levels,  only  a  few  rods  are  stimulated.  Since 
these  rods  probably  have  a  chance  distribution,  this  amounts  to 
a  sparse  functional  population  of  rods  resulting  in  a  "'grainy" 
image.  As  light  intensity  increases,  more  and  more  rods  have 
their  thresholds  passed,  bringing  a  greater  number  into  play  and 
consequently  reducing  the  average  distance  between  functional 
receptors  and  the  app<irent  grainy  effect.  At  a  certain  point 
(acuity  of  approximately  0.1  mm)  cone  threshold  is  reached  and 
the  cones  replace  rods  as  functional  receptors.  At  this  point, 
vision  is  best  foveally  and  improves  steadily  with  increasing 
illumination.  Only  when  the  threshold  of  all  the  cones  have 
been  passed  will  further  increases  in  illumination  be  ineffective 
in  increasing  acuity.  If  the  illumination  is  excessively  high, 
all  the  cones  are  stimulated  maximally  due  to  the  reflectance 
and  this  results  in  "glare". 

The  data  presented  in  Figure  92  were  compiled  by  Chapanis 
(Ref.  62)  and  shows  the  effect  of  background  luminance  over  a 
range  from  0.0001  Ft-  L.  to  100  Ft.  L.  As  Chapanis  pointed 
out,  the  two  graphs  compare  favorably  at  the  low  luminance  ends, 
however,  agreement  is  missing  at  the  upper  luminance  ends.  This 
fact  could  almost  be  predicted  from  the  two  experimental  methods 
used.  The  data  on  the  left  were  obtained  from  long  exposure 
tines  (three  seconds  or  more)  while  the  data  on  the  right  were 
obtained  from  short  exposure  periods  (0.17  second  per  exposure). 
As  is  seen  in  the  section  on  viewing  time,  visual  acuity  is  a 
function  of  viewing  time.  Even  with  the  experimental  difference 
and  the  differing  results,  these  graphs  tend  to  indicate  the 
trend  visual  acuity  follows  as  the  background  luminance  is 
increased. 


Viuual  Acuity  (Reciprocal 
Visual  Angle  in  Minutca  of 


Background  Luminance  in  Foot-LarJberts 

Figure  92.  Visual  Acuity  as  a  Function  of  Background  Luminance 
and  Luminance  Contrast.  (Adapted  from  Refs. 62,  75,  and  86)’ 
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Figure  93 
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Figure  93  indicates  the  effects  of  background  luainance  on 
the  different  types  of  visual  acuity-  As  is  seen  in  this  figure, 
miniauin  sepairable  acuity  is  laost  influenced  by  increasing  the 
background  luminance.  The  data  presented  in  this  figvire  were 
collected  from  a  number  of  sources  (Ref.  286)  and  indicate  the 
relationship  of  the  different  types  of  acuity  as  well  as  the 
general  ranges  for  each.  It  is  noted,  however,  ^at  the  data 
were  collected  by  studies  using  widely  varying  experimental 
methods,  limited  subject  populations,  limited  Ij.iinance  ranges 
and  in  some  instances  different  measurement  techniques  (Ref.  245) . 
The  data  are,  however,  useful  in  predicting  trends  in  acuity  as 
a  function  of  acuity. 

There  appears  to  be  a  decisive  lack  of  concrete  data  relating 
visual  acuity  to  background  luminance  as  a  function  of  the  many 
display  variables  associated  with  electronic  flight  displays.  A 
comprehensive  multi-parametric  examination  of  this  function 
appears  warranted  in  light  of  the  many  unique  and  as  yet 
unexamined  parameters  found  in  airborne  electronic  displays . 

Until  these  desired  data  are  obtained,  however,  the  trends  present 
in  the  above  reported  studies  may  serve  as  a  guide.  Careful 
evaluation  of  all  the  electronic  display  parameters  expected  to 
affect  acuity  must  also  be  conducted  in  examining  acuity  ^  a 
function  of  background  luminamce  (brightness  contrast,  hue 
contrast,  size  of  target  and  display,  ambient  illumination  levels, 
eye  adaptation  level,  etc.)  for  electronic  flight  displays. 

Surround  Luminance 

The  display  surround  illumination  level  (luminance  of  area 
immediately  around  display  and  extending  outward  in  visual 
field)  has  a  significant  effect  on  visual  acuity  and  the 
visibility  of  targets  in  the  display  itself.  In  an  early  study, 
Cobb  (Ref.  73)  confirmed  his  earlier  work  with  Geissler  (Ref.  74) 
by  showing  that  both  contrast  sensitivity  and  visual  acuity 
depend  significantly  upon  the  surround-to-background  brightness 
ratio.  The  above  authors  found  that  as  the  ratio  rose  above 
unity,  the  visual  threshold  rose  rapidly  and  to  a  Icirge  extent; 
and  as  the  rario  dropped  below  unity,  the  threshold  also  rose, 
but  much  more  slowly  and  over  a  more  limited  range.  The 
smallest  visual  acuity  values  were  found  at  or  near  surround-to- 
background  ratios  of  one.  In  their  experiment,  Cobb  and  Geissler 
used  a  rectangular  test  patch  which  subtended  a  visual  angle  of 
1.5  degrees  by  2.25  degrees  at  the  eye  and  which  was  viewed  from 
a  distance  of  28  inches.  To  measxure  contrast,  the  rectangles 
were  divided  in  half,  each  half  differing  in  brightness.  One 
half  ronained  at  a  constant  brightness,  while  the  other  half 
was  varied  to  determine  threshold.  For  the  visual  acuity 
determination,  both  halves  were  adjusted  to  the  same  brightness 
and  served  as  the  display  background.  The  brightness  of  this 
background  was  varied  with  the  brightness  of  a  larger  (3  ft.  by 
3  ft.)  surround  to  arrive  at  the  surround-to-background  ratios. 
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while  two  black  parallel  bars  provided  the  critical  detail  vr.icr. 
the  four  subjects  had  to  discrininate.  In  all  cases  the  cute 
edges  of  the  background  field  coincided  with  the  inner  edge  c 
the  sui^^und  field. 

Lythgoe  (Ref.  227)  examining  the  effects  of  the  greater, 
surround  on  acuity,  conducted  a  study  with  considerably  mere 
detail.  He  used  black  Landolt  rings  as  targets  with  outside 
diameters  varying  fren  2  to  30  min.  of  arc  (0.4  to  6-0  nir. .  cf 
arc  gaps) .  The  Landolt  rings  were  centered  on  1  degree  by  2 
degree  white  rectangular  backgrounds  illuminated  with  12.6 
Ft.  Lamberts  of  illumination.  Surround  brightness  was  varied 
from  0.0  to  38.1  Ft.  Lamberts.  Eis  results  indicated  that 
varying  the  surround  brightness  from  0  to  1/100  or  1/10  ^  f  the 
background  brightness  progressively  increased  visual  acu  y 
while  further  increases  in  surround  brightness  to  the  le-.  I  cf 
background  brightness  caused  a  slight  drop  in  acuity.  A  .  ry 
pronounced  drop  in  acuity  occurred  with  further  increases 
surround  brightness  (Figures  94,  95,  and  96) . 

In  1926,  Holiday  (Ref.  169)  provided  experimental  data 
concerning  the  effect  of  point  source  of  glare  on  target 
visibility  as  a  function  of  background  size  and  brightness.  He 
then  related  these  data  to  the  effects  of  surround-to-backgreund 
brightness  relationship  (for  extended  surround)  by  means  of  a 
prediction  equation.  The  principle  points  of  his  findings  were: 


Figure  94.  Threshold  Visual  Ajigle  as  Determined  by  Brightness 
of  Greater  Surround.  (After  Lythgoe,  Ref.  227) 
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Luminance  of  Small  Area  Immediately  Around  Test  Object 
(In  Equivalent  Pt.  Candles) 

Pigxire  95.  Acuity  as  a  Function  of  Luminance  of  Inmediate 
Surround.  (After  Ref.  227) 


Luminance  of  Larger  Surround  Area  in  Equivalent  Ft. Candles 

Figure  96.  Acuity  as  a  Function  of  Surround  Luminance  With 
Small  Area  Luminance  Held  Constant.  (After  Ref.  227) 
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1-  The  effects  on  acuity  of  multiple  sources  of  glare  are 
additive;  that  is  two  or  more  glare  sources  having  the  sa:ne 
angular  separation  from  the  visual  axis  have  the  same  effect  on 
contrast  sensitivity  as  a  single  glare  source  placed  at  the 
same  angular  distance,  provided  the  latter  produced  the  same 
illumination  at  the  eye  as  the  former  two  sources . 

2.  The  glare  source  produced  an  effect  on  contrast 
sensitivity  projxjrtional  to  the  illumination  it  produced  on  the 
eye  and  approximately  inversely  proportional  to  the  square  of 
its  angular  separation  from  the  line  of  sight  to  the  target. 

3.  Any  effect  from  a  glare  source  could  be  duplicated  by 
substituting  a  veiling  illumination  of  suitable  brightness  on 
the  rest  of  the  visual  field-  This  factor  led  Holiday  to 
conclude  that  the  eye's  adaptation  level  resulting  from  the 
glare  source  was  the  controlling  factor  and  that  glare  effects 
could  be  measured  and  specified  by  determining  the  equivalent 
brightness  of  the  background  (filling  the  remainder  of  the 
visual  field)  that  had  the  same  effect  as  the  glare  source  on 
the  eye’s  contrast  sensitivity. 

From  the  above.  Holiday  reasoned  that  a  uniformly  lighted 
bright  surround  could  be  considered  an  infinite  number  of  tiny 
glare  sources,  each  emitting  the  same  luminous  flux  per  unit  area 
as  the  uniform  surround.  Based  on  these  conclusions,  he  proposed 
an  integrated  formula  for  the  computation  (for  a  given  surround- 
background  relationship)  of  the  adaptation  brightness  of  the  eye 
(full  field  brightness  necessary  to  yield  the  same  contrast 
sensitivity).  With  this  'adaptation  brightness’  calculated,  one 
can  refer  to  experimentally  determined  target  contrast  threshold 
versus  background  brightness  curves  without  glare  to  find  the 
contrast  required  for  threshold  detectability  under  those 
surround  conditions . 

Moon  and  Spencer  (Ref.  245)  completed  the  mathematical 
expression  of  the  relationship  proposed  by  Holiday.  In  their 
version  for  a  circular  surround  brighter  than  the  circular 
background  (1.0  degrees  visual  angle)  ,  the  factor  (BA./BB)  by 
which  background  brightness  must  be  multiplied  to  obtain  the 
equivalent  adaptation  level  of  the  eye  is: 

BA/BB  =  (1.006 

sin  201 
where:  Q  =  — — - 

4:0 1 

BA  =  equivalent  adaptation  brightness 
BB  =  background  brightness 
BS  =  surround  brightness 

01  =  angle  between  visual  axis  and  inner  border 
of  surround  (where  20  >  1.5°) 

=  the  cosine  integral 
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-  0.0006  ||-).^-  0.0192  (1  -  ||)  Q 


-  (20i) 


This  formulation  assumes  that  the  outside  diameter  of  the 
surround  subtends  at  least  114.0  degrees  (2  radians),  beyond 
which  the  effects  are  considered  negligible.  Little  (if  any) 
direct  verification  of  this  prediction  equation  have  been 
performed.  Ireland  (Ref.  179)  suggests  that  some  of  the 
individual  assumptions  on  which  it  is  based,  however,  have  been 
tested  (Refs.  255  and  325). 

Ireland  conducted  a  study  to  experimentally  examine  the 
validity  of  the  Moon  and  Spencer's  prediction  equation  (which 
had  not  been  done  prior).  Projected  Landolt  Rings subtending 
a  visual  angle  of  9.65  min.  of  arc  with  gaps  subtending  1.93 
min.  of  arc  were  used  in  the  experiment  and  the  taurget  bright¬ 
ness  were  varied  (0.1  to  0.7  log  units)  with  e3q>osure  time 
limited  to  1.0  second.  The  siibject's  eyes  were  89  inches  from 
the  background  screen.  Subjects  were  instructed  to  depress  one 
of  eight  buttons  corresponding  to  the  location  of  the  detected 
Landolt  Ring  gap.  Table  57  summarizes  the  experimental  back¬ 
ground-  to-surround  ratios  used  in  the  study. 

Figure  97  indicates  that  the  threshold  increases  with 
increases  in  the  surround  brightness-to-background  brightness 
ratio  above  10:1  (log  =  1/1  =  0).  All  thresholds  for  BS/BB  ratios 
of  57:1  and  100:1  were  higher  than  those  obtained  from  smaller 
ratios,  and  all  differences  were  statistically  significant. 

This  figure  also  indicates  a  slight  tendency  for  the  threshold 
to  increase  as  the  BS/BB  ratio  decreases  from  1:1  to  0:1, 
although  the  decrease  was. not  significant.  Ireland  concludes 
from  the  data  that: 


1.  For  siurrounds  brighter  than  the  background,  the  contrast 
threshold  is  fairly  sensitive  to  the  surround- to-background  ratio 
and  that  the  increase  in  a  subject's  contrast  threshold  appears 
to  be  proportional  to* the  increase  in  the  surround  brightness. 
This  appears  to  conform  to  Holiday's  findihgfe  with  point-glare 
sources  whose  effect  also  appeaur  to  be  proportional  to  their 
brightness.  The  following  formulation  is  suggested  for  threshold 
contrast  of  a  given  background  brightness,  with  surround- to- 
background  rati.Qs  greater  than  one: 


C 


C^^f (0.9815 


0.01B5  BS 
BB 


where:  C*  =  threshold  contrast  for  a  given  ratio,  gg  >  1 

C  -  threshold  contrast  when  BS/BB  =  1 
r 

LS  -  surround  brightness 

BB  =  background  brightness 
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Figure  97.  Effects  of  Various  Surround  to  Background 
Luaunance  Ratios.  (After  Ireland,  Ref.  179) 
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2.  The  results  indicate  that  surrounds  considerably 
darker  than  the  background  may  also  adversely  affect  visual 
performance  (raises  the  threshold) -  Visual  acuity  is  reduced 
progressively  with  increasingly  darker  surround. 

3.  From  a  practical  standpoint,  the  results  of  this 
experiment  establish  a  basis  for  the  specifying  of  increased 
display  contrast  requirements  when  the  area  surrounding  the 
display  is  substantially  brighter  than  the  background  of  the 
display. 

In  general  visual  acuity  is  best  when  the  eyes  of  the 
observer  are  adapted  to  the  brightness  level  of  the  display 
background.  However,  acuity  is  reduced  tdien  the  eyes  are 
adapted  to  the  background  and  the  background  brightness  is  lower 
than  the  brightness  of  the  greater  surround  brightness.  Like¬ 
wise,  a  reduction  in  acuity  is  experienced  when  the  background 
brightness  is  considerably  brighter  than  the  general  surround 
brightness . 


EFFECTS  OF  CONTRAST 


Luminance  contrast,  which  is  the  measure  of  how  greatly  the 
target  luminance  (B^)  differs  from  the  background  luminance  (Bj^)  , 
directly  influence  the  minimur;  visual  angle  of  a  target  that  can 
be  detected.  This  relationship  is  expressed  by  the  following 
ratio  devised  by  Blackwell  (Ref.  32)  and  is  plotted  in  Figure  98. 


Contrast  can  vary  from  zero  to  100%  for  targets  darker  than 
their  background  and  from  zero  to  infinity  for  targets  lighter 
than  their  background.  This  relationship  can  in  turn  be  directly 
influenced  by  the  amount  of  ambient  illumination  incident  to  the 
display  surface  (see  section  on  contrast) ,  absorption-reflection 
chfuracteristics  of  the  display  surface,  the  symbol  and  background 
luminance  emitted  by  the  display  itself,  the  hue  of  the  emitted 
luminance,  the  eyes  adaptation  level  and  several  other  lesser 
considerations.  In  general,  however,  the  higher  the  contrast 
ratio  at  a  given  background  luminance  level,  the  smaller  the 
target  size  (measured  in  minutes  of  visual  angle  subtended)  that 
can  be  detected.  Figure  98  is  the  classical  graphical  presenta¬ 
tion  of  this  relationship  (from  Blackwell,  Ref.  32).  The 
discontinuity  apparent  at  about  the  0.003  millilambert  position 
marks  the  transition  from  rod  to  cone  vision. 
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Background  Luminance  in  Millilamberts 


Figure  98.  Minimum  Detectable  Target  Size  for  SOS  Probability 
of  Detection  as  a  Function  of  Background  laminance  and 
Target  Contrast.  (Adapted  from  Refs.  32  £um1  232) 


It  must  be  pointed  out  that  the  information  presented  in 
Figiure  98  are  the  data  for  SOS  probability  of  detection.  In  most 
practical  situations,  a  higher  prc^aability  of  detection  is 
required  (9S-10.0S) .  This  value  can  be  estimated  by  multiplying 
the  contrast  ratio  for  the  SOS  threshold  data  by  three  (Ref.  S8) . 
Additionally,  these  data  are  for  minimum  perceptable  size  and  not 
for  lin-iiiM  separable.  No  valid  data  are  available  for  mi nimiim 
separable  values  as  a  function  of  contrast.  It  should  be 
raBesd>ered  that  the  values  derived  from  these  conversions  are 
"rules  of  thumb”  only  and  not  precise  values. 

Figure  99  presents  somcidmt  sisdlar  data  for  luminance 
contrast  thresholds  presented  in  a  different  format.  In  this 
presentation,  variations  in  the  luminance  contr2tft  threshold 
(A  B/B,  where  B  is  luminance)  are  shown  as  a  function  of  back¬ 
ground  luminance  and  target  size,  ■'  (Pupil  diaseter  is  indicated 
as  it  varies  with  luminance  level)  .  TWo  distinct  relationships 
can  be  observed  in  this  figure: 

1)  As  the  background  luminance  is  reduced,  the  visual 
target  must  be  a  great  deal  darker  or  lighter  than  their 
background  to  be  detected. 

2)  At  any  given  luminance  level,  smaller  objects  must  have 
greater  contrast  than  larger  objects  to  be  equally  detectable. 
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The  data  presented  in  this  graph  were  derived  from 
subjects  with  knowledge  of  target  location  prior  to  exposure  of 
the  target  and  the  exposure  times  themselves  were  varied  (0.05 
to  0.5  sec.) . 

Figure  99  also  indicates  that  acuity  is  affected  by 
contrast  and  background  brightness.  Carel  (Ref.  58)  suggests 
that  in  the  case  of  skeletal  displays  (HUD  type  displays  or 
outline  VSO  displays)  ,  the  regnirenient  is  not  only  that  the  thin 
line  el^aents  be  visible,  but  that  read-out  accuracy  be  maintained 
by  requiring  that  the  separation  between  two  elements  be 
visually  resolved  %dien  the  separation  is  equal  to  a  line  width. 

For  this  reason,  Carel  suggests  that  the  information  contained 
in  these  graphs  be  used  to  estimate  the  minimum  required 
brightness  and  contrast  for  electronic  displays. 


DIRECTION  OF  CONTRAST 

It  is  worth  noting  that  there  is  a  distinct  difference 
between  the  smallest  bright  target  on  a  dark  background  that  can 
be  detected  and  the  smallest  dcurk  target  on  a  bright  background 
that  can  be  detected.  Figure  100  indicates  the  effect  of 
direction  of  contrast  on  the  ability  to  discriminate  bars.  The 
measure  of  resolution  used  is  the  smallest  distance  two  bars 
could  be  sepcurated  and  still  be  seen  as  separate.  It  is  observed 
that  as  the  level  of  retinal  illumination  increased  beyond 
approximately  3.2  photons  (0.5  log  units  or  .34  millilamberts 
with  pupil  diameter  =  2  mm) ,  the  ciyes  ability  to  discriminate 
between  the  two  bars  deteriorated  instead  of  improving,  for  the 


Background  Luminance  in  Foot- Lamberts 


Figure  99.  Visual  Acuity  as  a  Function  of  Contrast* 
(After  Carel,  Ref.  58) 
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Figure  100.  Acuity  as  a  Function  of  Direction  of  Contrast. 

(After  Wilcox,  Ref.  354) 


brighter  bar  against  the  dark  background.  However,  with  dark 
bars  on  light  background,  acuity  continues  to  increase  with 
increasing  luminance. 

There  are  data  indicating  that  dark  targets  considerably 
smaller  than  those  plotted  in  the  above  graph  can  be  detected. 
Hecht,  Ross,  and  Mueller  (Ref.  160)  produced  data  indicating 
this  and  also  indicating  that  the  shape  of  the  target  affects 
the  minimum  size  that  can  be  detected.  They  suggest  that  a  thin 
wire  with  a  diameter  of  0.51  second  of  arc  and  a  length  of  60 
minutes  of  arc  can  be  seen  silhouetted  against  a  sky  of  about 
2,000  Ft.  Lamberts  95S  of  the  time,  whereas  a  dark  square 
silhouetted  against  the  same  sky  must  be  only  18  seconds  of  arc 
on  each  side  to  be  seen  951(  of  the  time.  The  authors  remarked 
that  the  square  is  more  efficient  as  a  target  since  the  total 
angular  area  of  the  square  is  only  one-third  that  of  the  wire. 

Figure  101  shows  the  effect  of  the  area  of  a  rectangular 
stimulus  on  threshold  contrast  (B/B)  for  5  ratios  of  length 
to  width  of  rectangles.  Generally,  with  large  areas,  threshold 
contrasts  for  fixed  areas  decreases  as  the  shape  approaches  a 
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Angular  Area  in  Minutes  Squared 


Figure  101.  Contrast  Threshold  as  a  Function  of  Area 
of  Stimulus.  (Adapted  froa  Wulfeck,  Ref.  363) 

*  Indicates  Length/If  idth  Ratios  of  Figures. 


square.  When  the  total  angular  area  of  the  target  approaches 
100  min^,  shape  beooaes  unimportant  as  a  determinent  of  minimum 
detectable  size.  The  data  presented  in  Figure  101  are.  for  75X 
probability  of  detection  of  a  dark  target  against  a  light 
background . 

Baker  and  Grether  (Ref.  12)  state  that  there  is  no  known 
lower  limit  of  visual  cuigle  for  bright  targets  against  a  dark 
background  (similar  to  night  viewing  conditions) .  They  state, 
for  example,  that  the  Star  Mira  is  clearly  visible  at  night  and 
that  it  subtends  a  visual  angle  of  only  0.056  sedond  of  arc. 

McLean  (Ref.  231)  conducted  a  study  to  examine  the  effect 
of  color  contrast  versus  brightness  contrast,  brightness 
contrast  values,  and  contrast  direction.  TWenty-four  visually 
screened  subjects  viewed  three  inch  diameter  dials  at  a 
distance  of  18  inches.  The  dials  were  mounted  on  cardboard 
and  illumination  on  their  surface  measured  32  Ft.  Candles.  Each 
subject  viewed  78  dials  (6  practice  and  72  experimental)  with 
each  card  having  one  of  the  72  possible  color  combinations  on 
it.  Pointer  position,  contrast  value  and  contrast  direction 
were  counter-balanced.  The  task  required  rapid  and  accurate 
identification  of  the  pointer  position. 
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The  results  of  this  study  indicate  that  the  effect  of  color 
contrast  and  brightness  contrast  are  dependent  upon  the  direction 
of  the  contrast.  The  light-dark  contrast  direction  apparently 
facilitates  the  legibility  of  color  contrast  ccabinations 
relative  to  brightness  contrasts  (Figure  102) .  Conversely, 
brightness  contrast  is  superior  for  the  dark-light  contrast 
direction. 

The  direction  of  contrast  is  also  an  inportant  factor  in 
the  detection  of  fine  detail  in  visual  targets.  Schiaidt  (Ref. 
290)  plotted  typical  exttmples  of  fine  detail  detection  (Figure 
103)  giving  visual  acuity  limits  for  targets  either  brighter  or 
darker  than  their  backgrounds  for  different  background  luminance 
conditions.  These  curves  allow  predictions  of  estimated  visual 
acuity  for  the  discrimination  of  the  shape  of  targets  of  known 
luminance  on  a  background  of  known  luminance,  to  the  luminance 
to  which  the  eye  of  the  observer  is  adapted.  The  visual  acuity 
values  listed  correspond  to  the  visual  angles  subtended  by  the 
critical  detail  which  was  required  for  the  distinction  of  a 
square  from  a  circle  of  equal  area,  but  ffhen  size  was  varied. 

It  is  seen  in  the  above  discussion  that  display  contrast 
(cind  the  direct  of  contrast)  is  a  prime  consideration  in  the 
determination  of  visual  acuity.  In  general  (with  other  factors 
held  constant) ,  the  higher  the  contrast  between  tlie  visual  target 
and  the  display  background,  the  smaller  the  visual  angle  required 
for  detection  and  identification  of  detail.  At  low  luminance 
levels,  bright  targets  on  dark  displays  generally  produce  greater 
visual  acuity,  while  with  hi'gti  luminance  levels  (daylight 
conditions)  dark  objects  on  light  backgrounds  produce  greater 
acuity.  The  display  background  luminance  is  less  important  in 
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Figure  102.  Effects  of  the  Interaction  Between  Color  and 
Brightness  Contrast  with  Direction  of  Contrast  on  Reading  Time. 

(After  McLean,  Ref.  231) 
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Vilual  Acuity  in  Minut«i 
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Background  and  Target 

b.  Target  Darker  than  Background 


Figure  103.  Visual  Acuity  as  a  Function  of  Target  and 
Background  Luminance.  (After  Schmidt,  Ref.  290) 


detemininq  visual  acuity  than  the  contrast  between  the  background 
and  the  target.  For  contrast  ratio  recoranendations,  see  section 
on  legibility  contrast  requirenents. 

The  above  reconnnendations  and  findings  were  based  on  studies 
conducted  with  white  light  under  laboratory  conditions. 
Additionally,  in  most  instances,  snail  subject  populations  were 
used  and  consequently  little  reliability ' can  be  expected  between 
studies.  The  early  work  by  Blackwell  in  the  area  of  contrast  has 
prevailed  for  a  quarter  of  a  century  with  little  in  the  way  of 
validation  studies  being  performed.  In  light  of  current  display 
tochnologi'  (high-luminance  emission,  multi-colored,  high 
infornation  density  computer  assist^)  the  feasibility  of 
generalizing  these  earlier  low-light  level  achromatic  data  to 
the  newer  generation  of  displays  must  be  questioned.  It  is  time 
for  a  new  series  of  studies  on  contrast  utilizing  current 
display  technology  and  conducted  under  airborne  operational 
conditions . 


EYE  ADAPTATION  LEVEL 

The  smallest  visual  detail  that  can  be  instantaneously 
resolved  upon  viewing  an  electronic  display  is  a  function  of  the 
adaptation  level  of  the  eyes  of  the  observer  at  the  time  of 
viewing  the  display.  A  number  of  factors  interact  to  affect 
this  adaptation  level  and  include: 

1.  The  duration  of  the  exposure  to  the  pre-adapting 
luminance. 

2.  The  average  intensity  of  the  pre-adapting 
luminance . 

3.  The  size,  shape,  contrast  corxlition  and  view  g 
time  of  the  object  being  viewed. 

4.  The  spectral  characteristics  of  the  pre-adapting 
luminance  and  the  emitted  luminance  of  the 
display. 

5.  The  foveal  area  stimulated  by  the  visual  target. 

6.  Individual  differences  among  observers. 

When  the  eyes  of  the  observer  have  been  adapted  to  the 
luminance  level  of  the  surround  (ambient  illumination  level)  and 
then  are  fixated  on  a  less  bright  (darker)  display  surface,  the 
luminance  level  that  is  just  visible  upon  viewing  the  display  is 
defined  as  the  instantaneous  threshold.  Figure  104  graphs  the 
instantaneous  threshold  as  a  function  of  the  pre-adapting 
luminance.  It  is  observed  that  the  curve  is  relatively  straight 
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Figure  104.  Instantaneous  Threshold  as  a  Function  of 
Pre-Adapting  Luminance  Level.  (After  Nutting,  Ref.  256) 


except  at  the  higher  luminance  levels  where  factors  other  than 
adaptation  are  present  (glare-effect,  aberration,  pupil  enlarge¬ 
ment)  .  These  data  were  collected  using  a  black  square  subtending 
a  visual  angle  of  10  minutes  euid  viewed  against  a  light  back¬ 
ground.  The  eight  subjects  were  pre-adapted  to  the  indicated 
luminance  level  (time  period  not  specified)  prior  to  exposure  to 
the  test  targets.  The  data  are  for  simple  light  detection  tasks 
and  as  a  consequence  do  not  permit  a  prediction  of  the  instanta¬ 
neous  visual  acuity  threshold,  which  would  require  the 
discrimination  of  form.  An  approximate  100  to  1  ratio  exists 
between  pre-adapting  luminance  level  and  the  instantaneous 
threshold  level.  For  example,  an  observer  adapted  to  a  luminance 
of  1.0  mL  can  see  a  10  minute  square  target  about  100th  as  bright 
iinnediately  after  the  pre-adapting  luminance  is  turned  off. 

Exposure  of  the  eyes  to  relatively  high  brightness  levels 
for  approximately  2.5  minutes  will  produce,  for  all  practical 
purposes,  a  "steady-state"  of  adaptation  to  that  level.  This 
in  effect,  means  that  longer  periods  of  pre-exposure  to  the 
higher  luminance  levels  will  have  little  further  effect  on  the 
immediate  sensitivity  of  the  eye.  Shorter  periods  of  pre¬ 
exposure,  however,  affect  the  sensitivity  of  the  eye  proportion¬ 
ately  less.  Figure  105  indicates  this  relationship.  For  any 
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Exposure  Time  to  Higher  Brightness  (Seconds) 


Figure  105.  Rate  of  Loss  of  Dark  Adaptation  after  Exposure 
to  Light.  (Adapted  from  Mote  and  Riopelle,  Ref.  249) 


given  pre-exposure  duration,  the  value  of  the  ordinate  is  used 
as  a  multiplier  of  the  exposure  brightness  to  give  the  steady- 
state  adaptation  level  of  the  eye.  For  example,  if  the  eye  is 
exposed  to  2,000  millilamberts  (approximate  daylight  brightness) 
for  15  seconds,  the  eye  has  a  sensitivity  loss  equivalent  to 
that  of  being  exposed  to  200  millilamberts  (15/150  x  2,000  mL) 
for  150  seconds  or  more.  These  adjusted  values  then  can  be  used 
with  Figure  10%  to  obtain  an  estimate  of  the  instantaneous 
threshold.  The  values  derived  from  this  graph  will  be 
approximations  only . 

Not  only  does  the  period  of  pre-adaptation  affect  the  , 
sensitivity  loss,  but  it  also  appears  to  affect  the  rate  of 
re-adaptation  to  the  display  luminance.  Chapanis  (Ref.  62) 
reports  the  results  of  a  study  by  Haig  (Ref.  152)  which  indicates 
that  following  a  very  short  period  of  pre-adaptation  to  higher 
luminance  levels,  the  rate  of  re-adaptation  to  the  display 
luminance  level  is  more  rapid  than  with  longer  exposures  to  the 
pre-adaptation  level  (Figure  106).  In  other  words,  if  the 
observer  is  coii5>letely  adapted  to  the  surround  illumination 
level,  a  longer  period  of  time  will  be  required  to  adapt  to  the 
luminance  level  of  the  display,  while  if  the  surround  adaptation 
is  only  partially  accomplished,  readjustment  to  the  display 
luminance  level  will  be  much  more  rapid. 
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Figure  106.  Adaptation  as  a  Function  of 
Pre-Adaptation  Time.  (Ref.  152) 


Minutes  in  Dark 


Figure  107.  Threshold  Luminance  as  a  Function  of 
Pre-Adapting  Luminance.  (Adapted  from  Haig,  Ref.  152) 
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In  terms  of  the  visual  acuity  of  the  individual,  the  greater 
the  adaptation  period  required: 

1)  The  larger  in  size  the  target  must  be  in  order  for  it  to 
be  instantaneously  detected  (or  identified) ,  or 

2)  the  longer  the  period  of  adaptation  'blindness* 
resulting  from  the  inability  to  detect  the  smaller  targets - 

The  data  in  Figure  106  above  were  obtained  from  a  pre¬ 
adaptation  luminance  level  of  447  millilamberts  with  pre-exposure 
periods  ranging  from  0*1  to  10  minutes.  The  data  is  from  one 
subject  viewing  dcirk  targets  subtending  10  minutes  of  visual  arc 
and  viewed  against  a  light  background  (luminance  threshold 
determined  by  the  method  of  limits.  That  is  by  starting  stimulus 
intensity  below  threshold  and  increasing  it  until  threshold  is 
passed  and  vice  versa) .  Unfortunately,  this  appears  to  be  the 
only  valid  study  examining  this  parameter. 

The  time  required  for  dark  adaptation  decreases  rapidly  as 
the  luminance  intensity  of  the  pre-adapting  light  is  decreased. 
Chapanis  (Ref.  62)  reports  a  study  conducted  by  Haig  (Ref.  152) 
in  which  seven  different  levels  of  pre-adaptation  luminances 
were  used  (4,700,  2090,  1150,  447,  44,  20  and  4  millilamberts) 
with  exposure  times  of  four  minutes.  The  results  of  this  study 
are  presented  in  Figure  107. 

Ketchell  (Ref.  203)  reports  the  results  of  a  study  by  Craik 
(Ref.  92)  in  which  the  effects  of  adaptation  level  on  acuity  were 
studied.  Craik  used  a  16  degree  adcipting  field,  a  test  field 
exposure  period  of  2  seconds,  and  a  method  of  limits  to  determine 
the  resolution  threshold  for  a  double-line  test  object  of 
varicible  size.  Test  field  If  I  nance  and  eight  adaptation  levels 
used  ranged  frco  0.001  to  10,000  Ft.  Lamberts.  Craik  reported 
that  acuity  was  best  under  conditions  of  approximate  equality 
between  adapting  and  test  field  luminance  in  the  range  of  10  to 
10,000  Ft  Lamberts.  Acuity  was  reported  to  be  considerably  less 
when  the  test  field  (equivalent  to  display  background)  and  the 
adaptation  luminance  level  differ  by  3  log  units  or  more.  It  is 
observed  in  Figure  108  that  when  the  test  field  and  the  adapta¬ 
tion  level  are  equal,  (10,000  Ft.  Lamberts  at  point  D)  visual 
acuity  is  best.  At  point  B  and  C  (test  field  luminance  of  100 
and  1,000  Ft.  Lamberts  respectively) ,  acuity  is  somewhat 
degraded  and  at  point  A  (test  field  luminance  of  10  Ft.  Lamberts)  , 
visual  acuity  is  severely  degraded.  From  these  results,  Ketchel 
concluded  that  a  ratio  of  1  to  100  is  the  approximate  limit 
between  the  test  and  the  adapting  field  if  the  visual  acuity  is 
not  to  be  seriously  degraded.  These  findings  are  in  general 
agressent  with  the  findings  of  Banes  and  Williams  (Ref.  158)  and 
is  the  ratio  recommended  by  Baker  and  Grether  (Ref.  12). 
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Log  Test  Luminance 

Figure  108.  Acuity  as  a  Function  of  Test  Field  and 
Visual  Adaptation  Level.  (After  Craik,  Ref.  92) 


Several  limitations  cire  found  in  the  Craik  study.  One- 'of 
these  is  that  only  tt#o  subjects  were  used  in  the  study,  and  both 
TTf “these  suffered  froBi' slight  m^pia.  '‘Additiohally,  the  study 
was  restricted  to  a  specific  kind  of  acuity  task  (monocular 
separation  of  two  metallic  strips  ranging  from  0  to  40  min  arc 
separation) . 

The  usual  procedure  for  tracing  dark  adaptation  is  to 
determine  the  dimmest  light  a  subject  can  see  at  various  times 
after  the  light  has  been  turned  out  in  a  room.  The  data  presented 
in  Figure  109  are  from  a  study  conducted  by  Sloan  (Ref.  311)  and 
are  representative  of  these  functions.  Sloan  used  a  one  degree 
white  light  situated  in  the  nasal  field  of  vit>w  (fixated  15 
degrees  from  a  fixation  point) .  The  solid  line  represents  th^ 
average  for  101  subjects.  Two  segments  are  discerned  in  this 
figure;  an  initial  very  rapid  decrease  in  the  threshold  which 
levels  off  at  about  10  minutes  and  a  secondary  adaptation  which 
starts  at  about  10  minutes  and  continues  for  some  period  of 
time. 
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Minates  in  Dark 

Figure  109.  Instantaneous-  Threshold  as  a  Function  of  Tiae 
in  the  (Murk.  (After  Data  frca  Sloan,  Ref.  311). 


The  tiae  required  to  ad^t  to  a  given  threshold  level  is 
shorter  when  the  pre-exposure  luai  nance  is  lower  and  when  the 
pre-exposure  light  is  ccnqyosed  of  light  in  the  red  portion  of 
the  spectrua. 

Banes  and  Hilliaas  (Ref.  158)  conducted  a  series  of  studies 
which  in  part  atteapted  to  detexaine  the  effects  of  contrast 
ratios  on  instantaneous  acuity.  Four  observers  atuiocularly 
viewed  a  CRT  display  (using  P7  phosphor)  to  deteraine  the 
apparent  threshold  of  pips  in  unknown  locations  after  pre¬ 
adapting  to  seven  different  luai nance  levels.  TWo  screen 
brightnesses  were  used  in  the  study  (0.001  and  0.22  sdlli- 
laaberts),  and  tiae  was  the  aeasure  of  perfoxaance.  The  results 
of  the  study  are  suaaarized  in  Figure  110.  The  syabol  subtended 
a  visual  angle  of  1200  square  ainutes  of  arc.  Detection  tiae 
of  five  seconds  constituted  inaediate  detection  (due  to  equip¬ 
ment  lag  time)  and  the  figures  represent  991  correct  detection. 


272 


Figure  110.  Tiae  for  Detection  as  a  Function  of  Degree 
of  Contrast  (Test  Field  Brightness:  0.022  aillilaobert) . 
(After  Hanes  and  fiilliaas.  Ref.  158) 


The  conclusions  that  the  authors  (Hanes  and  ffillians)  drew 
frcM  the  results  suggest  that  within  the  range  of  ordinary  room 
illumination,  the  adaptation  level  of  the  eye  is  an  insignificant 
factor.  In  fact,  dark  adaptation  prior  to  viewing  "rather 
bright"  displays  may  be  slightly  harmful  to  target  detection. 
Light  adaptation  up  to  a  few  foot  candles  may  be  slightly 
harmful  idien  viewing  a  dimmer  scireen.  It  must  be  reaembered, 
ho%#ever,  that  these  results  were  ^for  normal  room  illumination 
and  do  not  generalize  to  the  much;  greater  range  found  in  the 
total  operational  spectrum  for  aircraft. 

The  size  of  the  target  to  be  detected  on  a  display  after 
pre-adapting  to  a  higher  surround  illumination  will  in  part 
determine  the  instantaneous  threshold  of  the  observer.  The 
larger  the  target  area,  the  lower  the  instantaneous  threshold 
for  detection,  but  also  the  greater  the  time  required  for  total 
adaptation.  Ia.kewise,  the  smaller  the  target  eurea  (see  Figure 
111) ,  the  higher  the  initial  instantaneous  threshold  luminance 
to  be  seen,  but  less  overall  adaptation  occurs.  Again,  the 
period  of  rapid  initial  adaptation  is  observed,  followed  by  a 
longer  period  of  slower  adaptation. 
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The  spectral  composition  of  the  pre-adapting  luminance  will 
have  a  significant  effect  on  the  instantaneous  threshold  of  an 
observer.  As  has  been  noted  earlier  in  this  section,  the  eyes 
are  most  sensitive  to  light  in  the  yellow-green  range  (after 
white  light) ,  but  as  is  seen  in  Figure  112,  these  hues  require 
the  longest  time  for  complete  adaptation.  It  can  also  be  seen 
that  red  light  reaches  its  maximum  adaptation  period  in 
approximately  ten  minutes.  Earlier  studies  by  Haig  (Ref.  152) 
as  reported  by  Chapanis  (Ref.  62)  have  indicated  that  dark 
adaptation  for  certain  hues  continue  for  several  hours  after 
the  eyes  are  plunged  into  darkness.  This  study  suggests  that 
blue  light  requires  the  longest  period  of  time  for  maximum 
adaptation .  '!l 

•f ' 

As  will  be  seen  in  the  section  on  the  point  source  of  light, 
the  different  areas  of  the  eye  are  differeirtially  sensitive  to 
light.  This  fact  holds  true  for  light  adaptation  also.  The 
foveal  area  is  most  sensitive  to  the  detection  of  light  and  is 
also  most  quick  to  reach  total  dark-adaptation.  However,  the 
imoediate  on-axis  area  of  the  fovea  is  less  sensitive  at  lower 
illumination  levels  than  the  area  iimnediately  adjacent  to  the 
4  degree  foveal  cone.  Figure  113  indicates  that  although  this 
area  (2.5  to  10  degrees  qff  the  visual  axis)  requires  a  longer 
overall  adaptation  perio4,  it  is  more  sensitive  to  the  detection 
light  after  the  adaptation  has  been  accc»q>lished.  This  fact 
explains  why  dimly  illus^nated  stars  viewed  directly  at  night 
may  not  be  visible,  but  may  be  seen  'out  of  the  corner  of  the 
eye'.  This  relationship.  Obviously,  only  holds  for  relatively 
low  illumination  levels.  \ 

\ 

In  summary,  the  followihq  general  conclusions  can  be  drawn: 

1.  The  longer  the  duration  of  exposure  to  high  pre¬ 
adapting  luminance:  -i, 

,  r 
» 

a.  the  higher  the  instantaneous  threshold 

b.  the  longer  the  re- adaptation  period 

c.  the  slower  the  rate ‘of  re- adaptation 

2,  The  higher  the  intensity  ‘of  the  pre-adaptation 

luminance: 

a.  the  highef  the  instantaneous  threshold 

b.  the  larger  the  target  must  be  to  be 
instantly  seen  or  resolved 

c.  the  longer  the  re-adaptation  period 

d.  the  higher  the  target-background  contrast 
required  for  rapid  detection 
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Figure  111.  Dark  Adwtation  Curves 
for  Centrally  Fixated  Areas  of 
Different  Sizes.  (After  Data  from 
Becht  et  al..  Ref.  385) 
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Figure  112.  laninance 
Threshold  a  Function  of 
Wavelength  of  the  Test 
Stinulus.  (After  Chapanis, 
Ref.  62) 
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Figure  113.  Threshold 
Ixutinance  as  a  Function  of  the 
Region  of  the  Retina  Stiaulated 
(After  Hecht  et  al.,  R^f .  385) 


Minutes  in  Dark 


3.  The  larger  the  area  of  the  visual  target,  the  longer 
the  adaptation  period  will  be,  a  lower  level  of 
luminance  will  be  required  to  be  detected  after 
adaptation. 

4 .  Red  hues  will  provide  the  quickest  adaptation  time, 
however,  hues  in  the  yellow-green  range  provide  the 
best  overall  acuity  factors. 

5.  The  central  fcveal  area  requires  a  longer  adaptation 
period,  but  provides  the  greatest  overall  acuity, 
except  at  very  low  luminance  levels.  At  these  low 
luminance  levels,  the  area  2.5  to  10  degrees  off  the 
visual  axis  provides  the  quickest  adaptation  and  the 
best  acuity. 

6.  If  the  observer  must  do  other  visual  tasks  at  higher 
luminance  levels,  acuity  will  not  be  seriously 
affected  if  the  higher  brightness  is  not  more  than 
100  times  as  bright  as  the  average  brightness  of  the 
display  screen. 


EXPOSURE  TIME  AMD  VISDAL  ACDITY 

Increased  luminance  increases  acuity  linearly  with  exposure 
time  when  a- target  is  displayed  as  a  short  flash  (up  to  0.1 
second  duration).  This  relationship  is  expressed  by  Block's  law. 
On  longer  exposures  (up  to  a  few  tenths  of  a  second  or  longer) , 
the  time  factor  is  less  effective  as  expressed  by  Blondel  and 
Rays'  Law.  Finally,  above  a  critical  time,  the  effect  of  light 
becomes  indepcmdent  of  duration  of  exposure.  These  laws,  which 
express  the  teiqmiral  summation  ability  of  the  visual  system,  may 
also  be  valid  for  moving  objects  as  long  as  the  moving  image 
stimulates  the  same  receptive  fields  of  the  retinal  elements. 
Figures  114  and  115  are  graphical  presentations  of  the  relation¬ 
ship  of  time  (duration  of  exposure)  and  luminance  level  on 
^r-uity  for  stationary  targets.  It  is  observed  that  at  any 
tinance  levgl,  less  time  is  required  to  see  larger  objects, 
wiien  size  is  held  constant,  less  time  is  required  to  see  higher 
luminance  targets.  When  time  is  held  constant,  subjects  were 
cible  to  see  smaller  targets  as  the  background  luminance  increased 


The  range  of  luminance  levels  examined  in  this  study  were 
very  small,  and  there  do  not  appear  to  be  any  more  complete 
studies  of  this  functional  relationship.  Chapanis ,  (Ref .  62) 
concludes  that  there  is  good  reason  to  believe  that  time  would 
become  especially  critical  at  luminance  levels  below  cone  vision. 
It  is  desirable  to  ha^  data  for  this  relationship  over  a  larger 
range  of  lumination. 
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Visual  Angle  in  Minutes 


Figure  114.  Acuity  as  a  Function  of  Duration  of  Exposure 
of  Viewed  Object.  (After  Chapanis,  Ref.  62y 


Log  Brightness 

115.  Contrast  Thresholds  cis  a  Function  of  Target  Size 
and  Duration  of  Exposure.  (After  Schmidt,  Ref.  290) 
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SPHERICAL  ABERRATION 


Examination  of  the  surface  of  the  cornea  arui  the  lens  of  the 
eye  reveals  that  this  surface  is  not  perfectly  spherical  and  that 
this  shape  is  subject  to  change  vith  changes  in  visual  acconnno- 
dation  of  the  eye.  This  in  part  accounts  for  the  fact  that  the 
optical  density  of  the  lens  varies  froai  one  point  of  entry  to  the 
next  and  from  mcnent  to  noaent.  Additionally,  the  transmittance 
quality  of  the  total  ocular  aeditoi  varies  as  a  function  of  the 
nature  of  the  entering  light,  the  adaptation  level  of  the  eye, 
amd  the  aberration  effects.  Boettner  and  Nolter  (Ref.  3«) 
su  g-nt  that  the  ataxiiinim  ocular  transmittance  is  only  about  SIX 
and  that  this  figure  is  restricted  to  the  visible  light  range  to 
which  the  eye  is  most  sensitive  (600  to  850  millimicrons)  .  It 
can  be  seen,  that  light  sources  entering  the  eye  under  the  above 
conditions  are  subject  to  refraction;  the  degree  of  refraction 
depends  upon  the  angle  of  incidence  of  the  light  relative  to  the 
eye,  the  point  of  entry  into  the  eye,  and  the  wavelength  of  the 
entering  light  source. 

Fincham  (Ref.  119)  states  that  spherical  aberration  is 
greatest  on  the  periphery  of  the  cornea  and  of  the  lens. 

Pupillary  constriction,  consequently,  improves  the  quality  of 
the  image  formed  on  the  retina  by  excluding  light  that  passes 
through  the  peripheral  portions  of  the  cornea  and  the  lens  (this 
refracted  light  'scatters*  within  the  ocular  medium  and  thus 
reduces  acuity  by  "blurring”  the  image  edge) .  Pupillary 
constriction  is  induced  by  increcising  the  brightness  level  of 
the  image  being  viewed.  Cbnversely,  low  luminance  levels  dilate 
the  pupils  and  thus  greatly  increase  the  aberration  effects. 

Bryam  (Ref.  52)  concludes  that  if ' the  pupil  diameter  is  maintained 
between  2.5  and  4  mm,  the  effects  of  spherical  aberration  will 
be  negligible  in  coerparison  to  other  diffractions.  If,  however, 
the  diameter  is  allowed  to  increase  above  this  value  (precise 
value  varies  with  the  individual)  ,  it  may  have  a  significant 
effect  on  low-light  level  (and  night  viewing)  acuity,  producing 
blurring  of  the  retinal  image  in  worst  cases. 

The  relative  limrinance  efficiency  of  light  entering  the  eye 
on  the  periphery  hcis  been  questioned.  Graham  (Ref.  145) 
conducted  a  controlled  experiment  which  demonstrated  that  all 
the  rays  (beams  of  light)  entering  the  eye  reach  the  retinal 
surface  with  nearly  equal  intensity.  In  an  effort  to  explain 
the  Stiles-Crawford  effect  (which  states  that  a  marginal  ray  is 
usually  less  effective  as  a  stimulus  for  vision  than  a  ray  that 
reaches  the  same  point  on  the  retina  but  which  passed  through 
the  center  of  the  pupil) ,  he  concluded  that  the  disproportionately 
low  efficiency  of  the  marginal  rays  was  a  consequence  of  their 
direction  of  incidence  to  the  reerptors  (Figure  116) . 


278 


Point  of  Entry  of  Beam  in  Millimeters 

Figure  116.  Relative  Luminous  Efficiency  of  Light  Entering 
the  Pupil  in  Horizontal  Plcine  Through  the  Center  of  the  Eye, 
(After  Stiles  and  Crawford,  Ref.  326) 


It  appears  that  the  rods  do  not  manifest  the  Stiles-Crawford 
effect  as  significantly  as  do  the  cones.  This  indicates  that 
retinal  illumination  as  such,  cannot  be  taken  as  an  appropriate 
indication  of  the  effectiveness  of  visual  stimulation.  A  true 
measure  must  specify  pupil  size  and  luminamce  level  for  the 
given  situation.  Only  when  the  latter  has  been  accomplished  can 
one  speak  of  the  product  in  terms  of  trolands  (uncorrected  for 
the  Stiles-Carwford  effect) . 

Another  phenomenon  in  part  induced  by  aberration  of  light 
is  the  "irradiation  effect"  that  takes  place  on  the  retina.  An 
observer  attempting  to  measure  the  boundaries  between  light  and 
dark  areas  on  a  visual  display  will  perceive  the  boundaries  to 
lie  towards  the  darker  areas.  This  irradiation  effect  is 
operationally  defined  as  the  spreading  of  a  bright  image  on  the 
retina  of  the  eye  making  the  diameter  of  a  bright  object  appear 
to  be  larger  than  it  really  is  (Ref.  20)  .  The  magnitude  of  the 
effect  of  irradiation  varies  with  the  luminance  of  the  bright 
object,  the  contrast  of  the  object  against  the  background,  the 
optical  system  used  (if  any) ,  the  dark  adaptation  of  the 
observer,  and  the  individual  himself.  The  irradiation  phenomenon 
results  in  a  distortion  of  the'  apparent  shape  of  the  observed 
object;  the  distortion  increases  as  a  function  of  the  luminance 
level.  When,  however,  the  object  luminance  increases  above  a 
critical  point,  the  effect  is  termed  "glare"  (see  Figure  117  for 
the  effects  of  glare  source  luminance  upon  perceived  size  and 
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Figure  117.  Effects  of  Glace-Source  Luminance  Upon  Perceived 
Size  and  Shape  of  Ci7.‘cles,  Squares,  and  Triangles. 
(After  Haines,  Ref.  153) 


shape  objects),  and  consequently  the  object  has  a  propensity 
to  appe^  round,  regardless  of  original  shape. 

Under  night  or  low-light  level  viewing  conditions  this 
spreading  effect  is  accentuated  when  the  eye  of  the  observer  is 
not  adapted  to  the  brightness  of  the  light  portion  of  a  visual 
display  (Ref.  23) .  The  effect  is  paurticularly  pronounced  for 
individuals  with  eyes  adapted  to  a  dark  surround.  Because  of 
the  spreading  of  the  light  portion  of  the  display  over  the 
darker  portion  under  low-light  viewing  conditions,  McCormick 
(Ref.  230)  recommends  that  for  low  light  level  or  night  viewing 
condition,  light  alphanumerics  should  have  thinner  stroke  widths 
and  darker  alphanumerics  should  have  thicker  stroke  widths  than 
those  used  in  normal  daylight  viewing. 

Perception  of  a  moving  poitit  source  in  close  proximity  to  a 
source  of  high  luminance  will  influence  the  correspondence 
between  the  actual  physical  form  of  the  object  and  the  perceived 
shape  of  the  object.  Haines  (Ref.  153)  recently  investigated 
this  phenomenon.  Five  highly  trained  subjects  viewed  stimulus 
configurations  through  an  artificial  pupil  which  provided  a  19.5 
degrees  field  of  ,  view.  A  moving  "star"  (1"  diaraet  was  used 
as  a  test  spot  to  determine  j^e  characteristics  of  tJie  edge 
distortion  Sffect  produced  by  the  glare  source  of  4250  Ft. 
Lamberts.  It  was  found  that  the  distance,  in  visual  angle,  fr<»i 
the  perceived  edge  of  a  glare  source  at  which  the  star  disappeared 
(or  reappeared)  is  directly  related  to  the  luminance  of  the  glare 
source.  This  appears  to  be  a  survilinear  fiinction  which 
accelerates  rapidly  at  about  1,000  Ft.  Lamberts  and  begins  to 
decelerate  at  about  4,000  Ft.  Lamberts  as  illustrated  in  Figure 
118. 


Figure  118.  Effects  of  Glare  Source  Intensity  on 
Apparent  Size.  (After  Haines,  Ref.  153) 


The  above  findings  are  srfwhat  greater  than  those  cA>tained 
for  a  two  point  source  by  Ogle  (Ref.  258) .  He  found  that  the 
star  disappeared  and  reappeared  at  different  ^iparent  distances 
from  the  edge  of  the  glare  source,  depending  iqmn  the  type  of 
geonetry  found  in  the  glare  source.  The  star  was  found  to 
disappear  and  reappear  at  a  greater  distance  fron  the  edge  of  a 
curved  surface  than  it  did  frcm  the  edge  of  a  straight  surface 
under  similar  circuastances. 

It  appears  that  two  priaary  conclusions  can  be  drawn  froa 
the  effect  of  irradiation  for  the  design  of  airborne  displays: 

a.  Critical  visual  tasks  should  be  confined  to  a  vision 
envelope  that  excludes  extresiely  bright  sources  of  light  aiaed 
at  the  observer's  eyes. 

b.  Visual  identification  of  bright  sources  on  the  basis  of 
size  or  shape  ^one  aay  lead  to  identification  errors,  at  least 
for  soae  shaped! 

The  above  data  were  derived  for  the  aost  part  froa  studies 
conducted  at  relatively  low  Inal nance  levels.  There  is  a  need 
for  aore  exanination  of  this  problea  under  actual  operational 
luninance  levels  (10,000  +  Ft.  Candles)  before  a  full  range  of 
valid  generalizations  can  be  aade. 


CHBOMATIC  ABERRATICW 


The  visual  effect  produced  by  a  light  stiaulus  inpinging 
upon  the  eye  depends  also  upon  the  relative  energies  of  the 
wavelengths  of  light  incident  on  the  retina  of  the  eye  (Figure 
119)  .  The  visual  systea,  for  exaaple,  identifies  definite 
aixtures  of  various  wavelengths  as  'white*  light.  Likewise, 
because  of  the  energy  coaposition  of  'white*  light,  this  light 
is  the  aost  conducive  to  discriaination  by  the  eyWl  That  is, 
the  eye  can  detect  a  smaller  point  source  of  lig^  if  the 
luminance  emitted  is  white.  The  resolving  pow^  in  the  area  of 
yellow-green  \#avelengths  is  almost  equal  to  that  of  white  light. 
For  red,  however,  the  resolving  power  of  the  eye  is  only  about 
one-third  as  good  as  for  idiite  light  and  for  blue  it  is  only 
about  one-fifth  ^  good  as  white.  . 

Myers  (Ref.  253)  suggests  that  the  lens  of  the  eye 
functions,  in  some  respects,  similar  to  a  prism  in  that  both 
refract  light.  In  both  the  eye  and  the  prism,  the  shorter  wave¬ 
lengths  are  refracted  (bent)  to  a  greater  extent  than  the  longer 
wavelengths.  Duke-Elder  (Ref.  108)  states  that  the  degree  of 
refraction  is  related  in  inverse  prc^ortion  to  the  wavelength  of 
the  light  entering  the  eye.  Myers  (Ref.  253)  states  that  only 
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Figure  119.  Relative  Sensitivity  of  the  Human  Eye  to 
■v  Different  Hue  Wavelengths. 
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one  wavelength  can  be  focused  on  the  retina  at  a  tine.  Nhen  view¬ 
ing  a  white  light  object  brought  to  focus,  the  eye  adjusts 
itself  (accoawndates)  tp  the  yellow  portion  of  the  spectruB 
present  in  the  white  light.  Consequently,  the  blue  and  red 
regions  of  the  spectrun  will  both  be  equally  unclear,  with  their 
focal  points  falling  in  front  and  to  the  rear  of  the  focal  plane, 
respectively.  The  larger  the  diaaeter  of  the  papil  of  the  eye 
at  the  tine  of  entry  oi  the  light  (the  lower  the  display 
luminance  level),  the  more  ' on t-of -focus*  the  blue  and  red  light 
sources  will  appear. 

Mitchell  and  Mitchell  (Ref.  242)  have  referred  to  this 
aberration  as  "chrosuitic  myopia*  and  found  that  under  blue  light, 
distant  objects  (6  feet;  or  more  away)  are  images  in  front  of  the 
retina  and  the  normal  epsMtrc^ic  eye  (normal  acccammilation  range) 
is  nut<  able  to  adjust  to  clearly  focus  them.  In  their  study, 
they  found  that  the  accommodative  power  of  the  eye  is  already  at 
its  minimnm  idien  viewing  distant  objects  and  to  compensate  for 
the  aberration  of  blue  light,  corrective  lens  were  used  for  which 
the  appropriate  dioptic  values  (reciprocal  of  the  focal  length  of 
the  lens)  were  determined.  These  corrective  lenses  had  the 
effect  of  adjusting  the  focal  point  of  the  stimulus  ismge  under 
blue  light  so  that  it  fell  on  the  retina  of  the  eye.  Under  these 
conditions,  observer  performance  with  blue  light  was  indistin¬ 
guishable  from  performance  under  white  light  conditions  without 
corrective  lens.  Performance  under  red  light,  however,  could  be 
expected  to  deteriorate  prcqportionately. 

Jones  (Ref.  186)  states  that  the  mycotic  reaction  of  the  eye 
to  blue  light  (focusing  in  front  of  the  retinal  plane)  is  of 
critical  concern  because  of  its  effect  on  visual  acuity.  She 
suggests  that  the  use  of  small  colored  stimuli  (or  larger  stimuli 
viewed  at  a  great  distance)  is  inadvisable  for  presentation  of 
critical  information.  Conover  and  Kraft  (Ref.  87)  suggest  that 
any  stimuli  subtending  a  visual  angle  of  less  t-han  20  minutes  on 
an  information  display  should  not  be  color  coded.  Ityers  (Ref. 
253)  ,  however,  suggests  that  the  "critical*  size  to  which  color 
may  be  applied  in  a  visual  display  varies  with  the  particular 
situation  and  with  the  color  e^loyed.  Myers  judged  that,  with 
the  exception  of  blue,  the  small  differences  in  acuity  resulting 
frem  accommodation  differences  with  various  colors  would  not  be 
a  serious  impediment  to  the  use  of  color  in  visual  displays. 

Blue,  however,  should  be  excluded,  since  the  eye  does  focus  this 
D^optically,  and  even  though  larger  symbol  sizes  may  result  in 
correct  identification,  the  image  will  remain  out  of  focus  and 
consequently  will  not  appear  "sharp*.  Additionally,  he  states 
that  blue  is  a  "subjectively  non-desirous*  color  for  most  visual 
displays . 
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AOOOHHODATlOil  OF  THE  EYE 

Mention  han  already  been  aade  that  acccaHodation  is  the 
focusing  of  the  eye  frosi  one  fixation  point  to  another  fixation 
point.  A  nxmber  of  factors  interact  to  influence  the 
accxsBsodative  process,  too  many  in  fact  to  completely  cover  here. 
The  primary  factors  as  far  as  display  designers  are  concerned, 
however,  are  the  intensity  level  of  the  emitted  luminance,  the 
spectral  oosq^osition  of  the  emitted  hue  and  the  <ige  of  the 
(^>server  . 

In  opathalmology  it  is  customary  to  use  the  diopter  as  the 
unit  of  measurement  in  describing  the  refractive  power  of  the 
lens.  The  diopter  is  defined  as  the  reciprocal  of  tlie  principle 
focal  length  or  the  conjugate  focal  length  expressed  in  meters. 

A  normal  youthful  eye,  for  example,  varies  from  about  63  diopters 
in  near  visi<m  (fief.  226)  .  Although  a  number  of  curved  surfaces 
and  transparent  media  constitute  the  geometric  optical  system 
of  the  eye,  the  entire ,  mechanism  of  accommodation  rests  in  the 
elastic  lens  of  the  eye.  In  particular,  it  is  the  change  in 
curvature  of  the  anterior  lens  surface  which  determines  the 
effectiveness  of  focus. 

In  display  design,  consideration  should  be  given  to  the  age 
span  of  the  using  population;  for  age  is  a  primary  consideration 
in  the  nr rrimmiwliit  ive  process.  Begardless  of  the  condition  of 
distant  vision,  a  progressive  loss  of  accossKidation  takes  place 
with  age.  Figure  120  indicates  the  avcurage  loss  of  accommodation 
eaqpcurienoed  by  about  4,000  individuals.  Luxemberg  and  Kuehn 
(fief.  226)  state  that  this  loss  of  accommodation  capability  is 
the  result  of  weakening  of  ,the  ciliary  muscles  and,  most 
iiqportantly,  the  progressive  inelasticity  of  the  lens  itself 
until  muscular  exertion  is  of  little  avail.  In  light  of  the 
above  discussion  on  dirosuitic  aberration,  the  selection  of  the 
hoe  to  be  emitted  from  a  , display  should  take  into  account  the 
progressive  loss  of  this  power.  Colors  near  the  ends  of  the 
visual  spectnmi  (particularly  red  and  blue)  should  not  be  used 
in  ^iplications  lAere  the  display  is  to  be  viewed  by  individuals 
with  short  dioptic  ranges  (age  45  and  up,  depending  upon  the 
indiviiinal;  Southall,  fief.  320).  Likewise,  careful  consideration 
should  be  given  to  the  use  of  two  or  more  colors  on  the  same 
display,  if  it  is  to  be  viewed  by  this  same  age  group.  These 
values  are  rough  guides  and  not  absolute.  More  resecurch  is 
required  in  this  area  to  establish  a  set  of  'absolute  values' 
for  display  design. 


PYMAMIC  VISDAL  ACDITY 

Dynamic  visual  acuity  refers  to  the  recognition  of  detail 
idien  the  observer,  the  test  object,  or  both  are  moving  (in 
comparison  to  static  acuity  wheredx>^  observer  and  test  object 
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Figure  120.  Amplitude  of  AccxDmnodation  as  a  Fimction  of  Age. 
(Based  on  4,000  Measurements;  After  data  from  Southall,  Ref.  320) 

cure  both  stationary) .  Dynamic  acuity  shows  a  predictable 
impairment  with  increasing  angular  velocity,  with  noticeable 
deterioration  beginning  with  an  angular  velocity  of  about  20 
degrees  per  second.  Generally,  peripheral  vision  is  more 
affected  than  central  vision,  especially  at  higher  velocities, 
but  the  degradation  in  acuity  is  about  the  same  for  moving 
observer  or  moving  target.  Higher  dynamic  acuity  is  possible  if 
the  head  is  allowed  to  move  freely  than  if  the  head  is  restrained. 
Both  acuities  increase  with  increasing  illumination  (up  to  1000 
Ft.  Lamberts)  and  exposure  time  (up  to  16  seconds  exposure  time) . 
Dynamic  acuity  is  subject  to  more  rapid  deterioration  with 
anoxemia,  reduced  illumination  levels,  visual  fatigue  and  with 
advancing  age.  Vertical  movement  produces  greater  deterioration 
than  horizontal  movement,  and  the  effect  of  vibration  is  about 
equal  on  both  vertical  and  horizontal  movement.  Certain  ' 
individuals  are  'velocity  resistent*  (^ubject  to  minimal  acuity 
loss  with  increasing  angular  velocity;  Ludvigh,  Ref.  222)  while 
other  individuals  are  'velocity  susceptible'  and  suffer  severe 
acuity  degradation  with  slight  angular  velocity) . 
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Lodvlgh  and  Miller  (Ref.  223)  condocfed  a  stm^  to 
the  effects  of  increased  angrular  velocity  on  visual  acuity  and 
to  determine,  what,  if  any,  relationship  exists  between  static 
and  dynamic  acuity.  Eighteen  visually  screened  subjects  viewed 
thirteen  Landolt  Rings. the  critical  detail  gaps  of  which  varied 
from  0.75  to  11.25  minutes  of  arc.  the  illwination  on  the  test 
objects  was  af^roxima tely  25  Ft.  Candles,  and  the  test  objects 
were  viewed  at  a  distance  of  four  meters  (approximately  156 
inchc»5)  .  Angular  velocity  was  obtained  by  rotation  of  a  viewing 
mirror  and  ranged  from  10  to  170  degrees  per  secoi^.  The 
observer's  task  was  to  correctly  locate  the  gap  in  the  ring  as  it 
crossed  .the  display  area.  For  purposes  of  analysis,  the  subjects 
were  divided  into  three  groups  based  on  their  pre-t^t  performance. 
Group  I  ;(five  subjects)  consisted  of  subjects  tested  up  to 
angular  velocity  of  110  degrees  per  second.  Group  11  (eight 
subjects)  consisted  of  subjects  tested  up  to  140  degrees  per 
second,  and  Group  III  (six  subjects)  were  tested  up  to  170 
degrees  per  second. 


The  ^results  of  the  study  are  summarized  in  Figure  121.  The 
circles ,  crosses  and  triangles  represent  experimentally  determined 
points  while  the  solid  liites  are. graphs  of  the  egnation: 


iY  =  a  +  bx3 

;  \ 

where:  Y  ^  visual  acuity  in  min  of  arc 

X  ^  angular  velocity  in  degrees  per  second,  and 
a  =*  curve  fitting  constant  (value  not  specified) 

I  b  =1  curve  fitting  constant  (value  not  specified) 

This  study  illustrated  that  the  relationship,  if  ai^, 
tween  static  and  dynamic  acuity  is  extremely  little.  Ludvigh 
And  Miller  ^so  found  that  individuals  possessing  similar  static 
aipiity  differed  markedly  in  dynamic  acuity .  ^  Figure  122  illustrates 
t^  difference  in  dynamic  acuity  between  two  subjects,  both  of 
wh^  were  known  to  have  20/20  static  acuity. 


\  Miller  (Ref.  238)  conducted  a  similar  experimenf  to  the  one 
reported  by  (aidvigh  and  Miller  in  which  he  tried  to  determine  if 
horizontal  m^ement  produced  the  same  rate  of  degradation  of 
acuityXas  did  vertical  movement.  Mine  male  subjects  were  tested 
using  angulai*  velocities  of  20,  80,  110,  and  140  degrees  per 
second  in  both  the  vertical  and  horizontal  axis.  .Intensity  of 
illnmina^on,!  exposure  time  and  other  variables  were  held 
constant^  i 


The  {results  of  this  phase  of  the  experiment  are  summarized 
in  F.igurc^  123  v  It  can  be  seen  from  Figure  123  that  a  consistent 
aijd  statiJstically  significant  difference  exists  between  vertical  . 
and  hori^ntai  movement.  Vertical  movement  produced  a  consist¬ 
ently  greater  idegradation  of  acuity. 


I 


to  Pre-Test  Performance  Levels. 
(After  Ludvigh  and  Miller,  Ref.  223) 


Figure  122.  Difference  Between  TWo  Subjects  in  Degradation 
of  Dynamic  Acuity  with  Increasing  Angular  Velocity. 
(Frots  Ludvigh  and  Miller,  Ref.  223) 


Angular  V^ocity  in  Degrees  Per  Second 


Figure  123.  /  Visual  Acuity  as  a  Function  of  fiorizontal  Vs. 
Vertical  Movement.  (After  Data  fran  Miller,  Ref.  238) 


Ludvigh  (Ref.  221)  found  that  when  the  test  e.  . 

noving,  high  intensities  of  illuBination  may  be  adv^tageour.  f.y 
eaployed  to  increase, visual  acuity.  In  his  stu^,  ludvigh  found 
that  with  angular  velocity  of  90  degrees  per  secom,  acuity  was 
still  ug>roving  at  ai^  intensity  level  of  505  Ft.  Candlc».  Be 
advises  that  illuwi  nation  as  high  as  1000  Ft.  Candles  say  be 
beneficial  when  viewing  rapidly  Moving  objects. 


Miller  (Ref.  238)  conducted  another  stady  to  eranine  if  the 
above  effects  holds  true  if  the  observer,  instead  of  the  test 
object,  is  rotated.  He  had  six  observers  view  a  target  with 
angular  velocity  ranging  froai  0  to  120  degrees  per  second 
(subjects  rotating)  und^  illoaination  levels  ranging  froai  0.004 
to  125.0  Ft.  (handles.  The  test  object  wan  viewed  Bonocularly 
for  0.5  second. 


The  results  of  this  study  indicated  that  dynanic  acuity 
iaiproved  at  all  velocity  levels  as  the  illinai  nation  level 
increased  (sc>e  Figure  124a)  .  By  the  tiae  the  intensity  has 
reached  10  Ft.  Candles,  the  curve  represents  the  threshold 
deteniined  under  static  conditions  and  at  angular  velocity  of 
20  degrees  per  secoiid  are  practically  asy^totic  and  little 


i 
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Log  Intensity  (Foot-Candles) 
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a.  The  Effect  of  Increased  Test  Chart  Illuaination  on  Visual 
Acuity  at  Each  of  the  Six  Angular  Velocities  of  the  Test  Object. 


Angular  Velocity  in  Degrees  Per  Second 

b.  Effects  of  Increased  Angular  Velocity  on  Acuity  at- Six  Dif 
ferent  Angular  Velocities* 


Figure  124.  Acuity  as  a  Function  of  a)  Illumination  Level  and 
b)  Angular  Velocity.  (After  Miller,  Ref.  238) 


further  increase  in  acuity  is  achieved  with  increased  illtaujiafcioti. 
At  higher  angular  velocities,  however,  acuity  increased  signlfi** 
cantly  as  the  illumination  level  is  increased  ail  the  way  up  to 
125  Ft.  Candles. 

Figure  124b  plots  acuity  as  a  function  of.  angular  velocity 
for  the  different  illumination  levels  examined.  It  can  be  seen 
from  this  figure  that  dynamic  visual  acuity  deteriorated  with 
increased  angulctr  velocity  at  each  of  the  six  illumination  levels 
employed.  The  rate  of  deterioration,  however,  was  greater  at 
lower  luminance  intensities  than  at  higher  intensities. 

These  studies  by  Ludvigh  and  Miller  indicate  that  dynamic 
visual  acuity  is  a  function  of  the  luminance  level  of  the  display 
and  that  increasing  the  luminance  level  improves  dynamic  acuity. 
Unfortunately,  the  studies  were  conducted  with  achromatic 
stimuli  over  a  limited  range  of  illinnination.  It  would  be 
valuable  to  know  the  precise  effects  of  luni nances  in  the  5  to 
10,000  Ft.  Lamberts  range  on  dynamic  acuity,  especially  in  view 
of  the  fact  that  this  is  the  normal  daylight  viewing  range  of 
illumination  and  that  airborne  acuity,  for  all  practical 
purposes,  is  limited  to  dynamic  acuity. 

The  perception  of  movement  itself  is  affected  by"  a  number 
of  factors.  Graham  (Ref.  143)  ascertained  that  the  velocity 
threshold  (minimum  rate  of  movement  required  for  the  perception 
of  motion)  is  about  1  minute  of  arc  per  second  and  that  displace¬ 
ment  threshold  (minimum  distance  an  object  must  move  for  movement 
to  be  detected)  is  about  20  seconds  of  arc  under  'ideal* 
illumination  conditions.  Leibowitz  and  Lomont  (Ref.  213) 
conducted  a  study  to  determine  the  effects  of  illumination  levels 
and  exposure  times  upon  the  isochronal  threshold  velocity 
(minumum  rate  of  target  displacment  necessary  for  the  detection 
of  movement  at  a  constant  duration  of  exposure).  White 
rectangular  squares  each  subtending  15  minuter  of  arc  vere 
viewed  at  90.6  inches  by  three  subjects  seated  in  a  dark  rocm. 
Display  luminance  levels  of  0.016,  0.05,  0.16,  0.5,  5,  50,  and 
500  millilamberts  and  exposure  times  of  0.12,  025,  1,  2,  cind  16 
seconds  were  used.  The  white  rectangles  were  mounted  on  a 
moving  belt  which  had  velocities'  ranging  between  0.1  minutes  of 
arc  and  76  minutes  of  arc  per  second.  The  single  subject  was 
instructed  to  report  when  movement  (^as  apparent. 

Results  of  the  study  indicated  that  threshold  velocity 
decreased  with  increasing  illumination  levels  (Figure  125), 
rapidly  at  first  and  then  more  slowly  until  it  reached  a  limit 
after  which  increased  illumination  had  no  effect  on  performance. 
Increasing  the  exposure  time  shifted  the  entire  function  to 
lower  values  (Figure  126) .  These  findings  are  compared  with 
.the  findings  of  Rock  (Ref.  280)  who  found  that  as  luminance  was 
varied  from  0,005  to  10  Ft.  Lamberts,  the  velocity  threshold 
decreased  from  0.40  to  0.17  minutes  of  arc  per  second. 


291 


Ikochronal  Thr««hold  Valoctt 
in  Minutei  of  Arc  p«r  Sacon 


Figure  125.  laochronal  Threshold  Velocity  as  a  Function  of 
Lueinance  Level  and  Duration  of  Exposure. 

(After  Leibovitz  and  Lomont,  Ref.  213)  ’ 


Figure  126.  Isochronal  Threshold  Velocity  as  a  Function 
of  Duration  of  Exposure  with  Target  Luminance  as  a  Parameter. 
(After  Leibowitz  and  Lomont,  Ref.  213) 


The  luminance  levels  used  in  the  above  studies  were  quite 
low,  but  the  results  tend  to  indicate  a  trend  of  decreased 
threshold  with  increasing  illumination.  At  present,  it  is  not 
feasible  to  generalize  to  the  high  luminous  output  displays 
currently  employed  nor  to  predict  the  effects  of  environmental 
factors  (stress,  acceleration,  vibration,  high  ambient 
illumination)  on  the  detection  of  motion. 


RETINAL  IMAGE  LOCATION 

At  luminance  levels  of  about  0.001  Ft.  Lamberts,  all  parts 
of  the  visual  field  are  equisensitive  (Ref.  328).  At  this 
luminance,  the  acuity  of  the  peripheral  portions  of  l^e  eye  is 
the  same  as  the  acuity  of  the  foveal  portion.  However,  as  the 
intensity  of  the  emitted  luminance  is  increased,  a  marked 
increase  in  foveal  acuity  is  noted  while  the  peripheral  areas 
show  a  slight  increase  and  then  tend  to  level  off  (Figure  127)  . 
As' discussed  in  the  section  on  Ltiminance  Level^-^  foveaJUacuity 
continues  to  increase,  as  a  function  of  luminance  increases,  over 
a  considerable  range  (with  other  factors  held  constant) . 

At  a  fixed  level  of  background  luminance  (daylight  viewing 
conditions) ,  the  relative  photic  acuity  vcuries  as  a  function  of 
the  angular  viewing  position  relative  to  the  visual  axis.  It  is 
observed  that  visual  acuity  deteriorates  rapidly  as  the  object 
viewed  is  moved  towards  the  periphery  of  the  eye.  Chapanis 
(Ref'.  62)  states  that  with  viewing  angles  of  only  four  or  five 
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Background  T<ii  nance  in  Log  Millilanberts 

/ 

Figure  127.  Visual  Acuity  at  Different:  Vieeing  Angles  Bantj 
fxxm  the  Visual  Axis  as  a  Function  of  Background  LoUnanoe. 
(After  Italfeck  et  al.,  Bef.  3631 


degrees  off  the  visual  axis,  visual  acuity  is  reduced  by  50%  for 
a  given  luainance  level.  Luxeaberg  and  Kuehn  (Ref.  226)  state 
that  at  visual  angles  of  only  one  degree  off  the  central  axis, 
acuity  is  only  67%  as  good  as  direct  on-axis  viewing.  At  2uigles 
of  40  to  50  degrees  off  the  visual  axis,  acuity  is  reduced  to 
4%  that  of  direct  foveal  vision. 

It  can  be  concluded  from  Figure  128  that  beyond  a  foveal 
cone  of  10  degrees  (5  degrees  in  any  direction  away  from  the 
visual  axis)  ,  visual  acuity  falls  off  to  such  an  extent  that  it 
is  ingiractical  for  informatlcm  display.  It  is  therefore 
necessary  for  the  display  designer  to  so  aurrange  the  display 
situation  that  the  critical  information  is  directly  addressed  by 
the  observer  with  a  miniiw  of  head  movement.  Extreme  head 
movemebt  away  from  normal  straight-ahead  position  involves  a 
loss  of  acuity,  even  though  the  visual  target  is  viewed  directly 
along  the  visual  axis. 

It  is  to  be  noted  that  the  above  values  were  derived  under 
laboratory  condition  with  optisuzed  figure-ground  contrast 
using  a  white  light  source.  Additionally,  no  vibration  or  other 
environmental  degrading  factor  (changing  illiimination,  filters 
or  faceplates,  visual  fatigue,  or  stress)  were  present. 
Rubinstein  and  Kaplan  (Ref.  386)  have  shown  that  vibration  can 
reduce  foveal  visual  acuity,  in  a  t«orst-case,  by  as  much  as 
fifty  percent.  Considering  the  effects  of  vjjhration,  the 
maximum  effective  visual  cone  of  10  degrees  is  reduced  to  5 
degrees  (2.5  degrees  off  the  visual  axis)  in  the  presence  of 
moderate  to  severe  vibration. 

Other  environmental  factors  are  luiown  to  affect  foveal 
visual  acuity.  A  study  conducted  by  Paige  and  Kama  (Ref.  389) 
indicates  that  short-term  exposure  to  weightlessness  aboard  an 
aircraft  has  a  detrimental  effect  oa  visual  acuity  during  the 
period  of  the  exposure.  Thirty-six  subjects  were  flown  in  the 
mid-section  of  a  C-131  urcraft  to  produce  the  transient  weight¬ 
less  condition,  and  during  the  period  of  weightlessness  were  to 
view  a  standard  Busch  and  bomb  "Armed  Forces  Vision  Tester” 
installed  in  the  aircraft.  The  subjects  were  tested  for  acuity 
prior  to  take-off  and  then  during  the  flight.  The  results 
indicate  a  general  increase  in  the  required  visual  angle  for 
the  detection  pf  the  test  targets  by  the  subjects  as  the  testing 
envizoiusent  chaiues  from  laboratory  conditions  to  a  zero  G 
condition.  The  ]pero  G  score  average  indicated  an  approximate 
6%  increase  in  required  visual  angle  to  identify  the  target  at 
threshold  acuity. 

In  another  experiment,  Paige  and  Kama  (Ref.  388)  examined 
visual  acuity  in  relation  to  body  orientation.  Twenty-four 
subjects  were  tested  on  the  "Armed  Forces  Visicm  Tester"  in  the 
u~ right,  inverted,  prone  and  supine  positions.  The  results 
reveal  a  general  decrement  in  acuity  frcm  the  upright  to  the 
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Degrees  Off  tiie  Visaal  Axis 

Figure  128.  Relative  Visaal  Acuity  at  Different  Angles  froa 
the  Fovea  for  Photopic  Vision.  (Adapted  froa  NUlfeck  et  al.,  . 

Ref.  363) 

prone,  supine  and  invited  position  (Table  58).  The  data  show  a 
distinct  difference  between  the  near  and  far  score,  with  the 
latter  showing  saaller  visaal  angles  generally,  bat  indicating 
that  far  Acuity  suffers  soaeirtiat  greater  loss  with  changes  in 
viewing  conditions  than  does  near  acuity.  The  threshold  visual 
angle  for  far  vision  incrc^ed  19f  as  cellared  with  a^rozinately 
135  for  near  vision  when  going  frosi  the  upright  to  the  inverted 
position.  . 


An  average  decrenent  of  aboat  5S  is  found  wbpn  bo^  oricut- 
tation  changes  frow  upright  to  prone  position,  mi  additional  5S 
deerment  occurs  frow  the  prone  to  the  supine  position  with  the 
head  inverted  and  another  S%  loss  froa  the  supine  to  the  inverted 
position.  This  loss  is  cosg>arable  to  the  loss  of  acni^  at  3-G 
(Ref.  349) .  ,  ' ^  , 

Maximal  visual  acuity  is  achieved  only  under  direct  on-axis 
viewing  in  the  upright  viewing  position  under  appropriate 
lighting  conditions.  A  nuaber  of  envizonaental  factors  degrade 
this  perfonaance  and  conseguently  allowances  for  their  presence 
oust  be  aade.  These  factors  include  vibration  (discussed  in 
section  addressing  Vibration) ,  bodily  orientation,  viewing  angle, 
stress  and  visual  fatigue,  altitude  and  G-force.  Unfortunately, 
few  data  exist  from  studies  conducted  under  operational 
conditions  that  included  these  factors.  Hence,  it  is  necessary 
to  estimate  the  true  total  aawmnt  of  degradation  of  visual  / 

performance  in  the  presence  of  degrading  factors.  / 


Table  58.  Visual  Acuity  Degradation  as  a  Punctic» 
of  Body  Orientation.  (Ptcm  Paige  and  Kama,  Bef.  388) 


Body  Position 

Visual  Acuity  Decrement 

Upright 

01 

Prone 

51 

( Approximate ) 
far  vision 

Average  for  near  and 

Supine 

51 

(Approxixiate) 
far  vision 

Average  of  near  and 

Inverted 

51 

( Approximate  ) 
far  vision 

tr 

Average  of  near  and 

Totad.  Decrement 
Near-Vision  131 

(Approximate) 

Inverted  Position 

Far-Vision 

191 

( Approximate  ) 

Inverted  Position 

POINT  SODltCE  OP  LIGHT 


There  appears  to  be  some  confusion  in  the  literatnre  as  to 
the  size  of  the  light  source  vhich  can  be  considered  a  point 
source  to  the  human  eye.  A  p^choc4iysical  definition  of  a  point 
source  is  given  by  Ricco's  Law  which  states  that  the  produce  of 
the  threshold  contrast  and  the  solid  angle  subtended  by  the 
stimulus  are  constant  for  any  given  adaptation  level.  Guyton 
(Bef.  151)  states  that  theoretically  a  point  of  light  frcm  a 
distant  source  of  light,  %rhen  focused  <hi  the  retina,  should 
be  infinitely  small.  However,  since  the  lens  system  of  the  eye 
is  not  absolutely  perfect,  such  retinal  spots  ordinarily  have  a 
diameter  of  about  11  microns  (even  under  maximum  visual,  acuity 
conditions) .  It  is  pointed  out  that  the  average  diameter  of  the 
cones  in  the  eye  is  approximately  2  to  3  microns,  which  is  one 
fourth  the  size  of  the  light  spot.  Nonetheless,  he  ocncludes 
that  since  the  point  source  of  light  has  a  bright  center  and 
shaded,. edges,  a  person  can  distinguish  two  separate  points  if 
their  centers  lie  approximately  2  microns  apart  on  the  retina, 
irtiich  is  slightly  less  than  the  width  of  a  retinal  cone.  Hence, 
the  acuity  of  the  perfect  eye  is  limited  at  least  to  some  extrat 
by  the  size  of  the  retinal  cones  themselves.  He  concludes  that 
the  maximum  visual  acuity  of  the  hum<ui  eye  for  point  sources  of 
light  (conditions  not  specified)  is  26  seconds  of  arc. 

The  size  of  the  retinal  image  of  a  point  source  of  light  is 
influenced  in  part  by  the  diameter  of  the  pupil  of  the  eye  upon 
entry  of  the  light  source.  Smaller  pupil  diameters  tted  to 
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'concentrate*  the  light  and  consequently  produce  saaller  retinal  . 
images.  Data  fron  several  studies  on  this  subject  were  collected  ^ 
by  Voss  (Ref.  337)  and  are  presented  in  Figure  129.  It  is 
evident  that  the  data  he'  obtained  lacked  reliability  and  con¬ 
sequently  he  suggests  that  for  safety,  the  dotted  line  he 
inserted  should  be  used  as  the  minimum  size  of  the  retinal  image 
point.  It  is  noted  that  pupil  diameters  below'  2  mm  rarely  occur 
(except  under  extremely  high  illumination  conditions) .  With 
pupil  diameters  above  6  mm,  the  increase  in  incident  light  does 
not  produce  increases  in  retinal  light  concentration  since  the 
light  frcmi  the  borders  of  the  pppil  are  so  badly  focused. 

Figure  130  shows  the  minimtim  visual  angle  for  a  point  source 
at  different  background  luminances.  It  is  noted  in  this  figure 
that^^e  visual  angle  increase  as  the  background  luminance 
decreases.  The  contrast  ratio  for  this  figure  was  not  specified. 

Figure  131  demonstrates  that  increasing  the  size  of  the 
light  source  will  increase  its  effective  brightness  and 
visibility.  Wulfeck  et  al.  (Ref.  363)  state  that  if  the  lumens 
emitted  per  unit  area  are  held  constant,  the  target  with  the 
larger  area  will  obviously  emit  a  greater  total  number  of  lumens 
and  thus  deposit,  a  greater  number  on  thd  eye  of  the  observer. 
Conversely,  by  increasing  the  lumen  aoission  per  unit  of  area, 
a  smaller  area  will  appear  as  bright  (or  be  detected  as  readily) 
as  a  larger  area  with  less  luminous  output.  Likewise,  with 
increased  lumen  emission  per  unit  area,  a  smaller  area  (visual 
angle  will  be  required  for  detection. 

Ogle  (Ref.  258)  measured  the  minimum  angle  of  resolution  of 
two  small  self-luminous  objects  viewcid  against  a  non-luminous 
background.  His  findings  indicate  that  the  minimum  angle  required 
for  the  discrimination  of  tho  two  points  tends  to  increase  as  a 
function  of  the  luminance  level  of  the  objects.  If  the  two 
points  sources  were  viewed  against  different  background 
illuminations,  the  minimum  angle  required  for  separation  was 
found  to  depend  entirely  upon  the  contrast  of  point  source  and 
background  and  not  upon  the  absolute  value  of  the  background, 
luminance.  He  found  that  the  minimum  angle  of  resolution 
increased  linearly  as  a  function  of  the  logarithm  of  the 
luminance  ratio  (^g  lumin^uice  intensity  of  the  point 

source  and  I.  =  the  intensity  of  the  background)  frcmi  a 

luminance  ratio  of  approximately  100  to  approximately  5  x  10  . 

The  highest  luminance  ratio  in  this  study  required  a  minimum 
angle  of  4.0  minutes  of  arc  for  a  glare-source  luminance  of 
4.00  millilamberts  with  a  background  lumin^ce  of  0.07 
millilamberts . 
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.  Pupil  Oiaaeter  in  Millixietexs 


Figure  129.  Miniani  Size  of  Retinal  Image  of  a  Point  Source 
as  Derived  from  Several  Investigations.  (After  Vos,  Ref.  337) 


Adaptation  Brightness 
(Log  Ft. Lamberts) 


Figure  130.  Critical  Visual  Angle  for  Point  Source  of  Light 
Vs-  Critical  Angles  for  Area  Targets,  (After  Seyb,  Ref-  299) 


the  above  discussion  of  the  auu^-  factors  involved  in  the 
determination  of  visual  acuity,  although  limited,  provides  an 
indication  of  the  range  for  variation  of  each  of  many  parameters 
It  can  not  be  too  strongly  eiqphasized,  however,  that  it  is  not 
only  the  range  of  each  p^^ameter  that  is  important,  but  also  the 
interaction  of  each  parameter  with  the  other  factors  affecting 


acuity.  laixe^berg  and  Kuehn  (Ref.  226)  suggest  that  all  the 
pairaaeters  in  the  man-display  system  interact  and  each  parameter 
should  be  evaluated  with  respect  to  the  total  system.  This 
conclusion  is  unfortunate,  for  it  means,  that  many  years  of 
research  have  not  produced  functionally  descriptive  equations 
for  specifying  acuity. 


Maiqf  of  the  earlier  investigators  of  acxiity  attesqpted  to 
relate  the  factors  affecting  acuity  into  usefully  predictive 
tools.  Cobb  and  Moss  (Ref.  75)  provided  the  data  idi^ch  were 
later  replotted  by  Luckiesh  (Ref«  220)  in  the  'acuity  cube* 
presented  in  Figure  132.  This  figure  is  useful  in  deaionstfating 
the  Relationship  between  visual  acuity  and  background  luminance, 
luminance  contrast,  and  duration  of  exposure.^  Although  it  was 
derived  from  over  100,000  separate  sieeisurements,  it  is  limited 
in  usefulness  by  the  limited  range  of  values  presented  (for 
example,  it  has  been  worked  out, for  only  two  brief  exposure 
times)  and.  by  not  taking  into  consideration  the  otlier  factors 
affecting  acuity. 
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Figure  132.  Interaction  Between  Visual  Acuity,  Background 
Luminance,  Luminance  Contrast,  and  Duration  of  Exposure. 
(After  Data  from  Cobb  and  Moss,  Ref.  75) 


Wulfeck  et  al.  (Ref.  363)  approached  the  problem  from  a 
slightly  different  angle.  In  an  effort  to  summarize  the  factors 
of  visual  acuity,  he  accumulated  the  "five  basic  curves  of 
visual  acuity"  prescmted  in  Figure  133.  The  figures  are  useful 
in  basic  design.  However,  these  basic  curves  fail  to  indicate 
the  relationship  among  all  of  the  factors  of  acuity  and  again 
suffer  from  range  limitations.  Addi|doii^lly,  the  data  were 
derived  from  earlier  (but  carefully  controlled)  studies  conducted 
under  laboratory  conditions  using  low  illumination  levels. 

Modem  display  technology  has  produced  displays  which  (operate 
in  all  mvironments  (night  viewing  as  well  as  bright  daylight 
viewing) ,  but  acuity  research  has  consisted  to  a  large  extent 
only  of  generalizing  earlier  results  to  the  new  display 
situation,  ffhat  is  required  is  a  new  series  of  'basic  acuity* 
studies  conducted  under  operational  conditions  with  a  full 
range  of  environmental  factors  accounted  for  including  stress , 
vibration,  intense  illumination  and  visual  fatigue. 

<A  major  difficulty  with  both  of  the  above  described  efforts 
is  the  fact  that  they  do  not  relate  acuity  factors  to  specific 
task  performance.  Acuity  is  regarded  as  almost  being  the  end  ^ 
in  itself  rather  than  a  description  of  the  limiting  character¬ 
istics  of  the  eye  as  a  sensor.  Once  these  limi'-lng  character# 
istics  have  been  established,  they  need  to  be  related  to  the 
operation  tables  that  must  be  performed.  The  fact  that  the  eye 
can  detect  a  point  source  of  light  subtending  0.5  second  of  arc 
is  of  little  value  in  aligning  pointers,  or  the  fact  that  the 
eye  can  reso^^ve  detail  as  small  as  0.5  minute  of  arc  does  not 
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tell  the  designer  how  ruch  inagery  resclnticr.  nust  he  aor.ieveh 
in  order  for  the  pilot  to  detect  a  specific  structure  wxth  IGO" 
accuracy.  The  existing  base  of  acadec;ic  research  is  crchahly 
adequate  to  supply  this  needed  inf onnaticn;  however,  weakness  in 
the  data  are  the  lack  of  integration  and  the  lack  of  applica¬ 
bility  to  display  design. 

The  paranieter-interaction  matrix  presented  in  Table  59  is 
presented  in  an  effort  to  relate  the  different  factors  affecting 
visual  acuity  to  si>ecific  task  performance.  It  is,  however, 
limited  in  that  it  only  indicates  the  parameters  affecting  a 
given  task  and  does  not  provide  quantitative  data  for  these 
relationships.  In  this  respect,  it  is  only  effective  as  a  guide 
to  illustrate  the  factors  affecting  a  given  task.  Identif icaticr. 
of  acuity  factor-task  relationships,  nonetheless,  is  valuable  in 
that  it  helps  the  designer  become  aware  of  all  the  factors  that 
need  to  be  considered. 

Re-tabling  the  factors  presented  in  Table  59  into  the  fcmat 
presented  in  Table  60  shows  more  of  tiie  functional  relationship 
of  one  parameter  to  other  factors  in  the  system.  Ihe  effects  cf 
increasing  values  for  the  factor  presented  in  Column  I  are  shown 
in  columns  II,  III,  IV,  and  V  for  other  parameters.  The  table, 
again,  is  useful  as  a  guide  but  does  not  present  quantitative 
relationships.  The  data  presented  in  the  preceding  sections  do 
not  allow  for  the  derivation  of  desired  quantitative 
relationships.  It  is  hoped,  however,  that  this  type  cf  data 
integration  will  be  forthcoming  in  future  research. 

There  is  no  general  or  universal  value  for  visual  acuity, 
but  rather  a  range  of  values  in  part  determined  by: 

a.  The  intensity  and  wavelength  characteristics  of 
the  anitted  (target  and  background)  luminance 
and  the  surround  luminance. 

b.  Contrast  ratios  and  the  level  of  ambient  illuminaticn . 

c.  Eye  adaptation  level. 

d.  Stimulus  size,  shape,  color,  and  method  cf 
presentation  (duration) . 

e.  Environmental  factors  (stress,  fatigue,  vibration) . 

The  figure  of  one  minute  of  arc  has  been  commonly  accepted 
as  the  minimum  value  for  visual  acuity.  How’ever,  this  represents 
acuity  under  ideal  conditions,  and  the  presence  of  any  of  the 
above  degrading  factors  will  increase  this  size  to  two,  three  cr 
more  minutes  or  arc.  Additionally,  the  effects  of  degrading 
environmental  factors  are  cvmulative  and  could  possibly  result 
in  an  exponential  increase  in  the  required  minimum  size. 
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Table  59.  Relationship  of  Factors  Affectituj  Virtual  Acuity 


E^.te|ij|||||ta^^ 


Aberration  Effect 
Viewing  Angle 
Filter  Effects  plus  Visors 
Visual  Fatigue 
Vibration 

Background-Surround 

Stinulus  Shape 

Monocolor  vs .  binocolor 

Clutter 

linage  Movement 
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Viewing  Distance 
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Eye  Adaptation  Level 
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Color  Discrimination 
Form  Discrimination 


Table  60.  Direction  of  Effect  Produced  b 
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.Stimulus-Background  Contrast 
Visual  Fatigue 

Total  Number  of  Symbols  Presented 
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angles  of  1  to  3  r.ir.utes  of  arc,  visual  acuity  increases  rapidly 
as  iliur.inaticn  is  increased  fron  1C  Ft.  Larderts  up  to  ah-out  -»0 
or  5C  Ft.  Lan.certs,  after  vhicn,  the  increase  is  ncre  gradual. 

For  targets  suntending  3  tc  6  rinutes  cf  arc,  acuit\’  increases 
rapidly  froc.  G.5  Ft.  Lar±ert5  up  tc  about  5  Ft.  Lanberts  a.nd  then 
gradually  increases  thereafter.  Fcr  objects  above  .5  to  6  ni.'.utes 
of  arc,  little  icprcver.ent  in  acuity  is  ncted  at  intensities 
above  2C  Ft.  Lamberts.  It  shculd  be  emphasized,  however,  that 
excessive  illumination  is  nc.  substitute  fcr  sm.all  target  size. 
Both  speed  cf  discr ir.ination  and  accuracy  of  discrimination  will 
increase  with  increased  illumination  up  to  about  ICO  Ft.  Lamberts 
however,  assuming  adequate  contrast,  little  is  gained  in  terms 
cf  acuity  with  i  Llardnaticn  levels  above  50  Ft.  Lam-berts. 

It  is  generally  concluded  that,  with  ether  factors  held 
constant,  the  higher  the  contrast  between  the  visual  target  and 
the  display  background,  the  smaller  the  visual  angle  required  fcr 
detection  and  identif icaticn  tasks,  .-t  lew  luminance  levels, 
bright  targets  on  dark  backgrounds  prcduce  greater  visual  acuity, 
while  under  high  illumination  ccr.diticrs,  dark  targets  on  bright 
backgrounds  are  more  effective,  .^.t  a  giver  illumination  level, 
smaller  objects  require  greater  contrast  to  he  as  detectable  as 
larger  targets.  Extended  targets  are  more  detectable  then  gao-et 
ric  forms  against  a  bright  background,  however,  squares  are  mere 
efficient  targets  with  regards  to  area  subtended. 

Spherical  aberration  is  greatest  or.  the  periphery  of  the  eye 
(as  when  the  pupil  is  dilated  under  lew  light  levels)  and  least 
on  the  central  portion  cf  the  fevea.  Pupil  constriction  (as 
under  high  iilurndnaticn)  cor.sequer.tiy  i.Tcrcves  the  retinal  image 
quality  by  reducing  the  effects  cf  aberration.  Additionally, 
light  entering  the  central  foveal  area  is  m.cre  efficient  in 
im.age  forr.ation  than  light  entering  the  peripheral  areas  of  the 
eye . 


Chrcr.atic  aberration  is  greatest  with  hues  ha’.'ing  shorter 
wavelengths  (blue  -  r.d  of  the  spei  trum )  ,  than  with  hues  in  the 
yellow-green  range.  Since  the  eye  accommedates  to  only  one  color 
at  a  tir.e  and  hues  in  the  yellow-green  range  are  most  easily 
accommodated  tc,  hues  in  the  short  wavelength  range  (blues;  and 
longer  wavelength  range  (reds)  are  focused  in  front  and  tc  t.he 
rear  of  the  retina  respectively.  Blue  is  the  least  efficient 
color  for  use  on  information  displays,  with  red  second  and 
yellow— green  being  best.  Under  high  illumination  conditions, 
colors  should  not  he  used  fcr  the  ide.ntif icaticn  of  5-~all  tarcets 
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general.  Fror;  these  research  efforts,  a  rather  large  visual 
acuity  data  base  has  beer,  ccr-piled.  Ur.f ortur.ately,  a  rr-yriad  cf 
methodologies  were  used  to  derive  thes^data.  Additionally,  rest 
of  these  methodologies  used  differing  experi.r.ental  conditions, 
s.rall  and  per.haps  non-representative  population  sarples,  limited 
variable  ranges,  inadequate  treatment  of  interaction  effects,  and 
non-standardi zed  methods  of  reporting  results.  From  this  type  of 
data  base,  it  is  difficult  to  abstract  valid  design  oriented  data 
that  is  directly  applicable  to  electronic  display  situatio.ns. 

-Pesearchers  and  designers  are  frequently  required  to  rely 
on  existing  data  as  a  data  base  or  starting  point  for  .new  research 
or  design  probler.s.  Unfortunately,  they  often  have  neit.hcr  thc- 
tine  nor  t.he  resources  to  sift  through  the  many  conflicting  data 
found  i.n  the  literature,  to  find  inf or.r.atior.  pertinent  to  and 
valid  for  their  requirer.e.nts .  Additionally,  many  of  the  e.xisti.ng 
'han-ibooks*  and  'guides'  do  not  provide  adequate  information  as 
to  how  the  data  were  derived,  nor  do  they  provide  any  type  cf 
starxiard  against  which  these  often  conflicting  data  might  he 
compared.  'iTiat  is  required  is  some  sort  of  'standardized  set  of 
values'  derived  for  a  given  operational  situation  (i .e., simulated 
airborne  flight  display  situation  which,  includes  all  of  the 
factors  associated  with,  chat  type  of  situation)  against  w.hich  one 
could  compare  a.nd  evaluate  any  given  data. 

This  reference  set  of  data  (for  electronically  generated 
airborne  displays)  could  be  derived  fro.m  a  series  of  m/ulti- 
parametric  (examination  of  all  of  the  parameters  associated  wit.h 
a  giver,  display  situation)  experiments  conducted  under  a  standard 
(but  operationally  realistic)  conditions.  Actual  display  viewing 
conditions  would  be  simulated;  using  the  same  methodology,  a 
representative  population  sample,  a  realistic  (likely  to  be 
encountered)  range  of  parameter  variations,  and  identical  treat¬ 
ment  of  t.he  data  for  eac.h  phase  of  the  study.  All  the  param.eters 
affecting  obsem'/er  visual  acuity  under  actual  operational 
conditions  would  be  so  examined. 

The  above  series  of  studies  would  be  conducted  i.n  a  simulated 
operational  (cockpit)  display  situation  into  whic.h  the  many 
environmental  factors  encountered  with  airborne  displays 
(vibration,  acceleration,  fluctuating  amd-iert  illumination,  glare, 
etc.)  could  be  induced  through  the  full  ra.nge  expected  to  be 
encountered  (i.e.,  a-::ier.t  illumination  ranging  from.  0.1  Ft. 
Lamiberts  up  to  S,C00  Ft.  Lamberts).  Each  parar.eter  should  be 
varied  in  incr e.’- er.ts  small  enough  sc  as  to  allow  it  tc  be 
sensitive  to  resulti.ng  c.ha.nges  in  observer  acuity.  Additionally, 
the  observer  should  be  required  tc  perform,  realistic  cpertior.al- 
type  visual  tasks  a.nd  psycho.motcr  tasks  i.n  order  to  allow  for  the 
effect  of  visual  ti.-.e  sharing. 
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Represer.tative  visual  tasks  demanded  of  pilot-observers 
indue  a : 


-  Symbol  discrimination,  which  would  include  absolute 
identification  of  various  types  of  symbols  under  all 
of  the  interacting  viewing  conditions .  The  size  of 
tlie  different  symbols  (alphnumeric,  geometric  cind 
pictorial)  would  be  varied  in  order  to  establish  100 X 
identification  thresholds  for  each  of  the  viewing 
conditions  (normal,  stress,  vibration,  etc.).  ' 

-  Locating  tas)ts.  Location  of  different  types  of 
symbols  under  the  above  viewing  conditions  and  as 
viewed  against  static  or  dyncimic,  cluttered  or  uniform 
bacltgrounds  and  in  a  head-up  and  head-down  configuration. 

-  Identification  and  Response.  This  would  include 
examination  of  minimum  symbol  size,  shape,  luminous 
properties  and  location  requirements  necesseury  for 
lOOS  positive  observer  performance. 

The  above  visual  tasks  present  a  basis  upon  tdiich  to 
estciblish  acuity  measurements  in  terms  meaningful  to  the  display 
designer  or  the  researcher.  Additionally,  by  establishing 
quantitative  relationships  between  acuity  (smallest  symbol 
required  for  100%  detection,  discrimination,  etc.)  and  display- 
environment  parameters  (emitted  brightness,  vibration,  etc.), 
valid  generalizations  frc»  one  display  situation  to  another 
could  be  made  (as  long  as  the  ranges  in  each  situation 
coincided) .  ■  ^ 

Representative  psychcxnotor  tasks  in  an  airborne  display 
situation  would  include  time-sharing  and  attention  sharing  tasks 
likely  to  be  encountered  in  operational  mode.  These  would 
include  verbal  communication,  tracking  tasks,  routine  adjustment 
tasks,  monitoring  tasks  and  perhaps  emergency  procedures.  Acuity 
measures  derived  under  these  conditions  would  be  more  representative 
of  actual  operational  requirements. 

The  literature  reveals  no  systematic  evaluation  of  the 
effect  of  many  of  the  factors  present  in  the  display  situation 
upon  visual  acuity.  Consequently  some  of  the  more  important 
design  variables  expected  to  be  encountered  would  be  evaluated 
in  these  studies.  Representative  variables  and  the  ranges  of 
these  variables  expected  to  be  encountered  in  operational  setting 
would  include: 

-  Ambient  Illumination  -  representative  ranges  expected: 

0.1  Ft.  Lambert  up  to  8,000  plus  Ft.  Lamberts. 

-  Display  background  luminous  -  head  down  display  -  0.1  to 

1,0CP  Ft.  Lamberts,  head-up  display  -  0.1  to  8,000 

Ft.  Lamberts. 
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-  Eye  Adaptation  -  the  effects  of  eye  adaptation  to  Tight 

intensities  from  0-1  up  to  8,000  Ft.  Lar±ert3  on 
visual  acuity. 

-  Light-to-dark  ratio  -  the  effects  of  light-to-dark  ratios 

from  60:1  to  1:60  on  acuity  as  the  interaction  with 
other  factors. 

-  Flash  Rate  -  the  effects  of  flash  rates  as  short  as  10 

sec.  up  to  1  second  acuity. 

-  Emitted  Hue  -  the  effects  of  dif5^ent  hues  (wavelengths) 

on  acuity  under  the  above  conditions. 

-  Retinal  Area  Stimulated  -  the  effects  of  the  different 

parameters  in  retinal  eirea  sensitivity  and  the 
maximum  visual  angle  for  presentation  of  critical 
information. 

-  Dynamic  Acuity  -  effect  of  target  and/or  observer  notion 

on  basic  acuity. 

Examination  of  the  effects  of  the  above  (and  other)  design 
variables  on  ba5iic  acuity  derived  in  a  systematic  manner  would 
allow  for  valid  generalization  to  other  situations  and  realistic 
design  oriented  trade-offs.  However,  they  must  be  based  on  a 
performance  measurement  of  100%  correct  identification  detection, 
etc.).  Academic- type  criteria  of  50%  performance  threshold  are 
not  valid  measures  in  display  design  considerations.  This  is 
especially  true  if  the  pilot  is  performing  secondary  tasks 
(tracking,  verbal  conmunications ,  dial  reading). 

The  design  variables  to  be  examined  in  these  studies  would 
include  as  a  minimum,  tiie  following: 

1.  The  effects  of  varying  display  background,  target, 
surround  and  ambient  illumination  conditions  on 
visual  acuity  while  observing  a  dynamic/static 
display - 

2.  The  effects  of  different  filtering  devices  (display 
filters,  goggles,  etc.)  on  acuity  as  a  function  of 
different  luminous  conditions. 

3.  The  effects  of  various  contrast  ratios  on  visual 
acuity  in  the  ambient  airborne  display  situation. 

4.  The  effects  of  the  different  aspects  of  viewing  time" 
(light-to-dark  ratio,  flash  duration,  display  duty 
cycle,  etc.)  on  acuity  under  the  above  ambient 
conditions . 
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5.  The  effects  of  eye  adaptation  on  acuity  as  a  function 
of  high  intensity  i’aninous  fluxes,  high  intensity 
display  emission  (certain  solid-state  displays)  and 
chromatic  variations  in  the  visual  environment. 

6.  The  effects  of  ambient  and  environmental  display 
conditions  on  dynamic  acuity. 

7.  The  relative  efficiency*  of  different  display  locations, 
orier.tatior.s,  size  and  possibly  shape  on  acuity  under 
the  above  conditions.  (This  in  turn  results  in  a  study 
of  retinal  image  location  as  it  affects  acuity) . 

8.  The  introduction  of  observer  performance  degrading 
factors  (stress,  fatigue,  anger,  fear)  ana  environ¬ 
mental  degrading  factors  (vibration,  acceleration, 
high  intensity  illumination  changes)  and  their 
effects  on  visual  performance  under  the  above 
conditions . 

9.  The  introduction  of  task  loading  and  its  effects  on 
observer  visual  performance. 
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SECTION  VIII 


DISPLAY  SYSTL:.  PEISOLUTION  CONS IDEPA-.TIONS 


INTRODCCTIOK 

Display  resolution  is  a  general  terr:,  like  visual  acuity. 
Resolution  is  used  to  label  the  product  of  the  interacticr.  cf  a 
nuiuber  of  display  syst^  paraueters .  Just  as  with  visual  acuity, 
the  quantitative  measure  of  resolution  varies  with  the  -easure- 
cent  technique  used.  Resolution  however,  differs  from  visual 
acuity  in  at  least  two  imjxjrtant  aspects.  One  of  these  is  the 
fact  that  a  number  of  important  display  parameters  can  be 
directly  controlled  to  affect  the  nature  of  the  system  inter¬ 
action  and  cor.sequently  the  resulting  resolution,  while  the 
basic  parameters  of  the  eye  (i .e., sensitivity  range,  discrir- 
inability  thresholds)  cannot  be  directly  manipulated  to  affect 
visual  acuity.  Second,  changes  in  certain  display  system 
’/ariables,  display  brightness  for  example,  will  interact  with  the 
observer's  visual  system  to  affect  visual  acuity.  This  latter 
type  of  relationship  is  addressed  here. 

The  interaction  of  the  eye,  the  display  and  the  visible  light 
environment  is  a  dynamic  and  continually  changing  process.  Visual 
acuity  and  display  resolution  are  in  constant  fliix;  one  augmenting 
or  counter-balancing  the  other  at  all  times.  Physiological 
factors,  such  as  prolonged  stress  or  visual  fatigue  may,  fer 
example,  reduce  acuity  while  a  reduction  in  ambient  illumination 
may  simultaneously  function  to  increase  display  resolution.  This 
observer-display  interaction  is  quite  common,  but  it  is  especially 
prominent  during  periods  of  (pilot)  physical  or  emotional  stress 
or  periods  of  rapidly  changing  environmental  conditions.  How¬ 
ever,  little  if  any  research  has  been  conducted  in  this  area. 

Most  research  is  geared  to  optimize  acuity  or  resolution  for  a 
constant  set  of  display,  environment,  and  observer  viewing 
conditions . 

Display  resolution  may  be  expressed  in  terms  of  the  human 
response  characteristics  (called  visual  acuity) ,  which  is  the 
ability  to  discriminate  fine  detail  in  the  field  of  view 
compared  to  normal  acuity  based  on  a  standard  viewing  distance. 
Graham  (Ref.  145)  defined  visual  acuity  as: 


where  D*  =  the  standard  viewing  distance, 

D  =  the  distance  at  which  the  minimum  discernable 
test  object  subtends  one  minute  of  arc. 
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As  r.er.ticr.ed  in  the  preceeding  section,  an  object  that 
subtends  cne  nnute  of  arc  at  the  eye  has  a  width  of  about  5y 
=  I  ricron  =  0.001  run)  on  the  retina  and  is  the  normalized 
lirit  of  resolution  (even  though  separations  of  30  seconds  of 
arc  or  less  are  possible) .  It  is  recalled  that  the  size  of  the 
rods  and  cones  in  the  retina  range  from  1.5  u  to  2.5  U  and  it 
appears  that  these  diareters  set  the  lower  limits  on  acuity  (and 
consequently  resolution) .  These  values  aure  arrived  at,  however, 
under  optir.al  viewing  conditions  and  allowances  must  be  made  for 
the  number  of  acuity  degrading  factors  in  the  eye  itself 
(defraction, def lection,  ocular  transnitivity ,  intraocular  ambient 
illumination  ,  and  irradiation)  and  in  the  stimulus  environment 
(ambient,  surround  and  background  luminance  levels,  display 
contrast,  vibration,  acceleration,  wavelength  characteristics. 
Size  of  luminance  area  and  target  dimensions  and  shape) .  In  the 
presence  of  the  above  degrading  factors,  it  has  been  suggested 
(Pef.  301)  that  the  normalized  value  of  one  minute  of  arc  derived 
under  optimal  viewing  conditions  sh’^nld  be  increased  to  tvo  or 
three  minutes  in  the  presence  of  significant  amounts  of  visual 
degradation.  Three  m.inutes  of  arc  corresponds  to  a  target  size 
of  approximately  .024  inch  viewed  at  a  distance  of  28  inches. 

With  the  above  discussion  in  mind,  it  may  be  reasoned  that 
the  maximum,  resolution  of  a  display  system  (observer  plus  the 
electronic  display)  is  limited  by  the  maucimum  acuity  of  the  eye 
alone.  It  is  possible  tvi  build  electronic  displays  with 
resolution  m'i:.h  finer  than  the  human  eye  can  appreciate.  But, 
there  is  no  evidence  or  logical  argument  to  indicate  that  these 
high  resolution  displays  will  improve  visual  performance  if  the 
eye  cannot  appreciate  the  resolution.  Resolution  in  excess  of 
th«-  eye's  appreciation  limit  produces  little  in  the  way  of  gains, 
except  additional  costs.  It  is  desirable,  however,  to  have  some 
r.argin  of  resolution  in  excess  of  the  eye’s  iomediate  resolving 
pc'wer  for  several  reasons: 

a.  To  co.r’pensate  for  environmental  degradation  of  the 
display 

b.  To  compensate  for  other  than  routine  system  degradation 


c.  To  compensate  for  fluxes  in  visual  acuity 

The  nature  and  extent  of  the  ’resolution  meurgin*  is  a  function 
of  the  display  itself,  the  conditions  under  which  it  will  operate, 
and  the  requiments  placed  on  the  observer  and  the  system.  One 
r-r. aches  a  point  of  diminishing  rettirn,  however,  with  resolution 
greatly  in  excess  of  this  margin. 

Specification  of  display  resolution  in  terms  of  human 
performance  and  responses  (as  described  above)  is  attractive  to 
the  person  responsible  for  the  writing  of  performance  specifi¬ 
cations  (for  the  human  response  is  the  ultimate  determining 


factx)r  in  any  systen)  ,  but  it  is  not  necessarily  useful  to  the 
display  systec  designer  who  must  translate  these  performance 
measurements  into  terms  that  can  be  implemented  by  the  system's 
hardware.  Therefore,  somewhat  more  objectiv'e  measures  of  system 
resolution  are  desirable,  and  the  responsibility  for  establishing 
these  measures  has  fallen  to  the  display  designer.  Consequently, 
a  number  of  objectiv’e  resolution  measurement  techniques  have 
been  developed  in  an  effort  to  quantify  the  expression  of  display 
system  resolution.  The  particular  measurement  technique  selected 
is,  to  a  laurge  extent,  dependent  upon  the  type  of  equipment  or 
system  for  which  the  resolution  measure  is  desired. 

Display  system  resolution  is  operationally  defined  as  the 
quantification  of  the  smallest  discernable  detail  presented  on 
the  display.  In  a  CRT  type  display,  the  smallest  discernable 
unit  is  the  CRT  tube  spot  size,  while  in  a  solid-state  type 
display  it  is  the  size  of  the  individual  emitter.  A  number  of 
system  parameters  interact  to  determine  the  size  of  the  CRT  spot 
and  apparent  size  of  the  solid-state  emitter.  The  factors  most 
appliccible  to  an  evaluation  of  the  minimum  discernable  unit 
includes ; 

CRT  TYPE  DISPLAYS 


Beam  intensity 

Phosphor  crystal  size 

Display  voltage 

Emitted  Hue 

Channel  bandwidth 

Spot  location  on  the 
faceplate 

Screen  efficiency 

Faceplate  optical 
quality 

Halation  effects 

Method  of  deflection 
(magnetic  or 
electrostatic) 

Tiibe  size 

Number  of  vertical 
elements  and  raster 
lines 

Emitted  luminance 
level 

Spot  spread  function 


SOLID-STATE  DISPLAYS 

Emitter  size 
Emitter  shape 
Emitter  density 
Luminance  intensity 
Emitter  edge  gradient 
Emitted  hue 

Inter-emitter  gap  size 
Total  display  size 
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It  is  observed  in  the  abova  lists  that  the  factors  affecting 
resolution  are  unique  to  the  systen  being  examined,  and  the 
interactions  between  these  display  parameters  are  also  unique - 
Therefore,  it  is  expedient  to  discuss  CRT  type  display  resolution 
separ  tte  from  solid-state  display  resolution. 

CRT  Resolution 

CRT  resolution  has  been  defined  as  the  smallest  discernable 
or  measurable  detail  presented  on  the  display  or  the  spot  size. 

L'nfor tunately ,  the  measurement  of  CRT  resolution  is  not  so  clearly 
defined.  Carel  (Ref.  58)  describes  no  less  than  nine  different 
.measures  of  resolution  and  states  that  the  values  derived  from 
each  vary  significantly  in  value  and  meaning.  Table  61  presents 
a  summary  of  these  values.  Each  measurement  technique  presented 
in  this  table  may  be  internally  consistent  and  yield  measures 
appropriate  to  some  specific  function.  However,  correlation 
among  the  various  descriptions  is  necessary  so  that  a  standard 
m.easure  may  be  evolved  and  used,  regardless  of  the  particular 
mode  of  specification.  Additionally,  a  standard  or  reference 
value  is  required  for  effective  inter-disciplinary  research;  for 
the  relating  of  resolution  values  to  visual  acuity  values. 

To  achieve  the  above,  a  basic  understanding  of  the  methods 
of  measurement  is  required, and  this  in  turn  requires  a  basic 
appreciation  of  the  image  formation  and  transmission  functions 
of  the  display  system.  Understanding  of  Lmage  formation  and 
transmission,  in  turn,  requires  a  basic  knowledge  of  the  para¬ 
meters  that  ultimately  affect  the  displayed  image  quality  and 
resolution.  Once  this  foundation  is  established,  the  road  will 
be  cleared  for  an  attempt  to  relate  resolution  factors  to 
visual  acuity.  The  interdisciplinary  relationship  (acuity  and 
resolution)  resulting  should  allow  for  more  efficacious  utilization 
of  the  knowledge  available  in  both  of  these  areas. 

It  is  noted  that  the  term  “basic  understanding"  is  used  here. 
The  following  discussion  of  resolution  is  for  the  purpose  of 
acquainting  those  unfamiliar  with  display  design  with  the 
principles  and  techniques  used  in  the  measurement  of  resolution 
(just  as  the  discussion  of  visual  acuity  was  to  acquaint  those 
unfamiliar  with  psychophysical  measurement  with  the  factors 
involved  in  the  determination  of  acuity) .  For  this  reason, 
discussion  will  be  restricted  to  those  factors  principally 
responsible  for  system  resolution  and  will  be  conducted  on  an 
elementary  level.  Additionally,  emphasis  will  be  placed  upon  the 
interaction  of  the  parameter  examined  with  the  system  as  a  whole 
and  its  ultL”ate  effect  on  resolution. 


Tabic  61.  Some  Relationahipa  Among  Variouu  MoaHurca  of  Resolution, 


number  impJios  apparent  or  fal.se  rer.oluliun  wUen  vib  jeet  si'par.il  ii'u 
pa ir  . 


Organization  of  the  CRT  resolution  section  will  be: 


1.  Inaqe  Formation  -  This  includes  a  brief  discussion  of 
the  inage  formation  and  transmission  process  and  of  the  system 
r.odulation  of  the  object  point  (the  basic  unit  of  information 
detected  by  the  sensor  device).  The  basis  of  the  different 
pertinent  measures  of  resolution  will  be  discussed  and  related 
to  the  final  presentation  of  the  spot  on  the  viewing  screen. 

2.  Spot  Size  -  The  discussion  of  spot  size  includes  an 
examination  of  the  parameters  that  affect  spot  size  and  the  spot 
sizes  achievcible  with  different  equipment  and  techniques. 

3.  Video  Channel  Bandwidth  -  Brief  mention  is  made  of  the 
effects  of  bandwidth  on  spot  size  and  ultimately  on  resolution. 

4.  Vertical  and  Horizontal  Resolution  -  This  section 
addresses  raster  scanning  techniques,  its  calculation  and  methods 
of  reducing  bandwidth. 

Solid  State  Resolution 


The  factors  affecting  solid  state  display  resolution  pre¬ 
sent  a  number  of  unique  relationships  not  necessarily  found  in 
the  traditional  CRT  display.  These  variables  include  the 
emitter  density,  emitter  size,  shape,  and  orientation,  the  size 
of  the  inter-emitter  gap  and  the  rather  sharp  edge  gradients 
found  in  the  emitters.  Although  some  generalization  from  CRT 
resolution  data  to  solid  state  resolution  may  be  possible,  at 
least  two  solid  state  parameters  have  no  apparent  CRT  display 
counterpart;  these  are  the  emitter  shape  and  the  size  of  the 
gap  between  adjacent  emitters.  It  would  appear  reason2d}le  that 
signif iccintly  different  interaction  effects  would  be  produced 
by  these  two  parameters.  However,  valid  data  directly  address¬ 
ing  these  factors  have  not  been  found.  It  appears  that  rapid 
advamces  and  technical  innovations  geared  to  overcoming  the 
physical  limitations  imposed  by  this  type  of  display  have  fore¬ 
stalled  active  research  geeired  to  the  examination  of  the 
effectiveness  of  these  displays. 

The  rapid  luminous  rise  and  decay  time  and  the  rather  sharp 
edge  gradients  associated  with  solid  state  type  displays 
elements  are  phenomenon  that  have  not  been  extensively  (nor 
directly)  exeunined  in  the  psychophysical  literature.  Research 
remains  to  be  conducted  on  the  effects  of  high  intensity,  light 
pulses  on  the  eye's  integrating  function  and  on  the  effect  of 
using  sharply  defined  light  emitting  elements  separated  by  non- 
enitting  areas  ^lbove  and  belcw  visual  detection  threshold. 
Examination  will  be  made  of  data  available  in  this  area  and 
limited  conclusions  will  be  drawn  based  on  the  sparse  data 
available. 

At  the  conclusion  of  the  above  two  sections,  an  effort  is 
made  to  integrate  (demonstrate  the  relationships  cunong)  the 
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of  the  display  screen.  The  coraaents  presented  are  general  and 
represent  'guidelines'.  They  are  not  to  be  considered  as 
absolute  values  and  should  not  be  generalized  without  due  cauticr. . 


CRT  DISPLAY  pt:solltig!: 


Image  Formation  and  Transmission 

Image  formation  is  the  process  of  r»-:producing  the  signal 
intensity  pattern  of  object  space,  to  scale,  in  the  irage  plane. 

In  other  words,  the  object  being  scanned  by  the  sensor  is  reduced 
to  a  series  of  information  points  which  are  then  transmitted 
sequentially  to  the  display  where  they  are  again  reconstructed 
into  image  of  the  original  object.  In. an  'Ideal  System',  the 
intensity  of  each  image  point  is  an  exact  proportional  represen¬ 
tation  of  its  corresponding  object  point.  Also,  ideally,  there 
is  no  interaction  among  adjacent  image  elements.  This,  hcweyer, 
is  beyond  the  state-of-the-art  for  all  known  sensor-display 
systems.  In  actual  operation,  the  signal  representing  each  ooject 
pKJint  experiences  a  distortion  while  proceeding  through  the 
system  so  that  the  image  is  not  a  series  of  points,  but  rather 
a  series  of  "blurs"  (Figure  135) .  These  blurs  are  most  intense 
at  the  image  point  (geometrical  center)  and  extend  over  the 
entire  image  plane.  When  the  sensor  display  system,  contains  a 
number  of  factors  which  operate  serially  on  the  signal,  the 
aggregate  point  spread  function  displays  a  propensity  tc 
approximate  a  Gaussian  distribution.  Carel  (Ref.  58)  has 
graphically  represented  a  typical  distribution  (Figure  136),  but 
this  is  not  to  imply  that  the  function  is  always  symmetrical  and 
invariant  across  the  image  plane.  The  exact  shape  of  the  point 
spread  function  is  dependent  upon  the  physical  parameters  cf  the 
entire  sensor  display  system. 


Object  Point 


Image  Point 


Figure  135.  Object  Point  to  Im.age  Point  Spread- 
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I 


Figure  136.  Normal  Spread  Function.  (From  Carel,  Ref.  58). 


The  point  spread  function  can  be  natheiratically  expressed 
by  the  equation: 

Point  Spread  Function  =  f(u) 

where:  u  is  the  distance  between  (separation  of)  the  object  and 

the  image  point,  (distance  object  point  transmitted)  and 

f  is  the  degree  of  system  distortion  of  the  point  in  the 
transmission  of  the  point  from  the  object  to  the  image. 

The  degree  of  system  interaction  (i(u)  )  is  a  function  of 
the  signal  strength  of  the  object  point,  the  system  point  spread 
function  and  the  distance  between  the  object  and  image  points. 
This  can  be  expressed  mathematically  by: 

i(u)  =  )c  f  (u) 

where:  f (u)  is  the  point  spread  function, 

is  the  object  point  intensity, 

u  is  the  distance  separation  of  the  object  and 
image  point,  and 

k  is  an  intensity  scale  factor. 
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It  can  be  reasoned  that  the  total  intensity  at  an  iriage 
point  is  the  sun  of  the  contributions  of  all  the  discrete  object 
points;  in  the  linit  this  reduces  to  the  convolutional  integral: 


Kx*,  y*) 


K  ^  I(x,  y)f  (x* 
K  Kx*  -  X,  y* 

~<B 


X,  y'  -  y  )  dx  dy 
y) f  (x,y)  dx  dy 


where:  f  (x,y)  is  the  two  dinension  point  spread  function, 

I(x,y)  is  the  signal  distribution  over  object  space, 

K  is  an  intensity  scale  factor, 

x',  y*  are  the  coordinates  of  an  image  point,  an 
integration  over  all  object  (or  image)  space  is 
indicated . 

The  latter  equation  indicates  that  signal  interaction  is 
strongest  when  the  point  separation  is  smallest,  and  when  the 
space  between  two  points  is  infinitesimally  small,  their  images 
are  indistinguishable.  As  these  two  points  separate  in  an 
otherwise  uniform  bac)cground,  a  decrease  in  intensity  will  occur 
between  their  two  geometric  centers.  This  is  illustrated  in 
Figure  137.  Sawtelle  (Ref.  288)  notes  that  the  basis  for  one 
definition  of  resolution  is  when  the  decrease  becomes  consistently 
noticeable.  This  definition,  however,  includes  observer  judgement 
which  is  undesiradDle  as  an  objective  measure.  For  this  reason, 
it  has  become  customary  to  define  resolution  as  the  point 
separation  at  which  the  contrast  between  the  dip  and  the 
peak  is  equal  to  ht.  arbitrary  value.  This  process  is  connonly 
)tnown  as  modulation.  Three  criterion  values  for  mrdulation  are 
frequently  used:  50%  for  television,  26. 5X  which  corresponds  to 
the  Rayleigh  criterion  for  optical  resolution,  and  the  photo¬ 
metric  threshold  for  the  human  eye  which  is  taken  as  a  value 
ranging  from  one  to  twenty.  Resolution,  or  more  precisely  its 
quantitative  expression,  is  determined  by  reading  off  the  spatial 
frequency  (or  line  separation)  at  which  one  of  the  above 
modulation  criteria  are  satisfied.  The  criterion  used  will 
determine  the  numeric  quantity  for  the  resolution  of  that  systeri 
at  that  given  time. 

A  number  of  other  measures  of  resolution  have  been 
developed  in  addition  to  the  three  mentioned  above.  Many  of 
these,  however,  are  restricted  to  certain  types  of  systems  and 
are  not  directly  applicable  to  airborne  electronic  displays. 

Slocum  et  al.  (Ref.  312)  compiled  a  conversion  table  showing  the 
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(X+V2) 
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Figure  137.  Formation  of  the  Image  Point.  (After  Carel,  Ref.  58) 


relative  values  for  seme  of  these  measures,  the  conversions  are 
presented  below  in  Table  62. 


Table  62.  Conversion  Table  for  Several  Measures  of  Display 
System  Resolution  where  a  equals  the  S.D. 

(From  Slocum  et  al..  Ref.  312) 


From 

o 

N.  tr> 

TV  Limiting 

10 X  MTF 

TV 

50 

- - 

Shrinking  Raster 

SOX  Amplitude 

Cu 

s 

s 

- - 

Optical 

Equivalent 

Passband 

TV  Limiting 

1.18-t 

- 1 

.71 

.59 

.50 

.42 

.33 

lOX  MTF 

1.470 

1.25 

.88 

.74 

.62 

.52 

.42 

TV^q  (3  db) 

1.67  c 

1.4 

.84 

.71 

.59 

.47 

jShrinking  Raster 

2.00C 

1.7 

1.36 

1.2 

.85 

.75 

.71 

.56 

!50X  Amplitude 

2.35- 

2.0 

1.6 

1.4 

1.17 

.88 

.83 

.66 

!50X  MTF 

2.670 

2.26 

1.8 

1.6 

1.33 

.94 

.75 

Optical  (^/g) 

2.83C 

2.4 

1.9 

1.7 

1.4 

m 

1.06 

.80 

‘Equivalent 
!  Passband  (N  . 

1  _ 

3.54  0 

3.0 

2.4 

2.1 

1.77 

1 

1.33 

1.25 

Conversion  table  of  various  measures  of  display  resolution  ( 
standard  deviation) . 


Carel  (Ref.  58)  in  an  effort  to  demonstrate  the  lack  of 
standardization  and  agreement  in  the  various  methods  of  resolution 
measures,  compiled  the  values  presented  in  Table  61  to  show  some 
of  the  relationships  aunong  these  measures.  Again,  the  list  is 
not  exhaustive,  but  it  does  indicate  the  need  for  some  effort  in 
the  area  of  standardization  for  these  various  values.  In  addition, 
to  the  table,  the  following  mathematical  expression  of  this 
relationship  is  given  as : 

d  =  1.670  =  .59s  =  .54d  =  l.llq  =  .71r  =  W  =  83u  = 

^-3db 
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where:  d  is  the  conventional  radar  resolution 


c  is  the  standard  deviation  of  the  spread  function, 
assurcing  a  Gaussian  distribution, 

s  is  the  equivalent  optical  spot  size  (see  discussion 
earlier  in  this  section) , 

p  is  the  optic  1  line  pair  resolution  based  on  the 
Rayleigh  criterion  of  26.5%, 

q  is  the  standard  TV  element  size  (half  cycle,  width) , 

r  is  the  raster  line  width  (designated  as  50%  amplitude 
of  the  contour  of  the  impulse  response, 

w  is  the  TVso  element  size  (half  cycle)  expressed  by 
50%  modulation  level  of  the  impulse  pattern, 

u  is  the  60%  contour  width  (approximates  lowest 
photometric  threshold  of  the  eye)  and  is  often 
referred  to  as  the  Shrinking  Raster  method  spot  size, 
and  finally, 

^-3db  corresponds  to  the  spatial  frequency  at  which 
the  modulation  transfer  function  (sine  wave 
response)  is  -3db  or  0.707. 

This  series  of  relationships  is  graphically  portrayed  in  Figure 
138. 


Slocum  et  al.  (Ref.  312)  also  addressed  the  problem  of 
resolution  measurement  techniques  and  the  lack  of  agreement 
about  which  method  should  be  used.  These  authors  tend  to  sup¬ 
port  Carol's  analysis  of  the  problem  and  recommend  that  a  method 
be  selected  as  a  standard.  Of  the  various  methods  currently 
utilized,  Slocum,  et  al.  conclude  that  the  following  are  most 
commonly  used  for  electronic  displays: 

SHRINKING  RASTER  RESOLUTION:  A  raster  with  a  known  number 
of  lines  is  generated  on  the  tube  face,  and  the  vertical  size  is 
decreased  until  the  lines  disappear.  At  this  point,  the  height 
of  the  raster  is  measured  and  divided  by  the  niimber  of  lines. 
Slociun  suggests  that  a  trained  observer  normally  determines  this 
flat  field  condition  at  about  two  to  five  percent  peak-to-peak 
light  intensity  variation.  The  energy  distribution  in  a  CRT 
spot  is  nearly  a  Gaussian  distribution.  Therefore,  the  flat 
field  response  factor  occurs  at  a  line  spacing  of  approximately 
2a  where  a  is  the  spot  radius  at  the  60%  amplitude  of  the  spot 
intensity  distribution. 

MODULATION  TRANSFER  FU^JCTIOK  (ITTF)  ;  This  is  the  sine  wave 
response  technique  developed  by  oIh.  Schade  and  analyzes  the 
display  resolution  by  tne  use  of  a  sine  wave  test  signal,  rather 
than  the  square  wave  signals  employed  in  TV  test  patterns.  A 
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Relative  Modulation  ^  Relative  Modulatiol^ 


Line  Separation  (b) 

Impulse  Modulation  (Gaussian  Spread  Function) 


0  a  2a  3a  4o  5a  6o  7o  8a 


Line  Separation 

b.  Bar  Pattern  Modulation  (Gaussian  Spread  Function) 

Figure  133.  Representation  of  Relationships  Between 
Measures  of  Resolution.  (After  Carel,  Ref.  58) 
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sine  wave  response  test  produces  a  cuxve  of  response  called 
'modulation  transfer  function*.  Nhen  iised  with  a  device  such  as 
a  scan  converter  video  aaqpllfier  plus  CRT,  the  MTP  of  the 
individual  devices  are  stultlplied  together  to  determine  the  total 
system  MTP.  Assuming  a  Gaussian  spot  shape.  If  the  sine  wave 
signal  were  set  at  a  half  of  the  cycle  spacing  corresponding  to 
the  shrinking  raster  resolution  line  spacing,  the  resulting 
observable  modulation  on  the  display  would  be  approximately  29% 
(Ref.  312). 

TELEVISION  RESOLOnON  -  TV  UMITOK;  RE:pQNSE:  The  tele- 
vision  wedge  pattern  measures  spot  size  by  determining  the  point 
where  the  lines  of  two  wedges  are  just  detectable.  The  number 
of  TV  lines  per  unit  distance  Is  then  the  number  of  black  and 
white  lines  at  the  point  of  limiting  resolutlcm.  Again,  assum¬ 
ing  a  Gaussian  spot  distribution,  the  wedge  pattern  is  equiva¬ 
lent  to  the  square  wave  modulation  function,  and,  consequently, 

TV  resolution  is  frequently  referred  to  as  the  limiting  square 
wave  response. 

Sherr  (Ref.  301)  suggests  that  the  two-slit  spot  measure¬ 
ment  technique  is  also  attractive  because  of  the  lack  of 
ambiguity  in  the  measurement  and  specification  of  spot  size. 
Essentially,  this  method  sokes  a  'picture*  of  the  spot  profile 
by  moving  the  spot  past  one  or  two  slits  which  are  ssoll  in 
conparison  to  the  spot.  A  photo  tube  on  the  other  side  of  the 
slit  is  used  to  display  the  spot  profile  on  an  oscilloscope. 

If  the  time  base  of  the  oscilloscope  sweep  is  set  to  correspond 
to  the  distance  between  the  two  slits  in  texms  of  spot  velocity, 
the  oscilloscope  will  then  be  calibrated  in  terms  of  the  two 
response  waveforms,  and  the  spot  width  may  be  read  directly 
from  the  oscilloscope  graticule  between  the  half  amplitude 
points.  With  this  method,  reduction  in  bandwidth  will  cause 
apparent  spot  broadening  and  will  result  in  larger  readings,  for 
spot  size. 

In  conclusion,  it  must  be  esq>hasized  that  the  above  measures 
are  at  best  only  a  good  approximation  of  the  true  values  of  the 
different  resolutions..  It  can  also  be  seen  that  the  modulation 
varies  as  a  function  of  the  point  spread  function,  the  dbject 
separation,  and  the  many  other  characteristics  of  the  system. 

Any  measure  (true  measure  of  threshold  resolution)  will  have  to 
account  for  these  parameters  in  its  measurements.  Finally,  even 
with  the  above  difficulties  and  limitations,  some  measure  of  the 
total  display  resolution  can  be  achieved.  Slocum  et  al. 
suggests  that  this  combined  resolution  can  be  found  by  taking 
the  square  root  of  the  siim  of  the  squares  of  the  component 
resolutions  (assximing  a  Gaussum  distributi(») : 


2  2 

where  d^  ,  d^  ...  etc.  are  the  individual  point  spread  functions 
and,  D  is  the  display  resoluticm. 
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With  this  basic  conceptualization  of  the  image  transmission 
and  spread  functions,  the  spot  itself  will  now  be  examined. 

Spot  Size 

The  preceding  discussion  has  addressed  the  formation  of  the 
spot  on  the  faceplate  of  the  display,  the  spreading  of  the  spot 
(in  an  assumed  Gaussian  distribution)  ,  and  several  of  the  methods 
of  measuring  the  size  of  the  spot.  A  number  of  system  parameters 
interact  to  affect  the  spread  function  and  consequently  the 
minimum  spot  size  obtaincible.  on  the  face  of  the  display. 

Luxemberg  and  Kuehn  (Ref.  226)  state  that  the  effect  of 
various  tube  parameters  on  electron-beam  spot  size  on  the  tube 
screen  have  been  largely  determined  experimentally.  For  excunple, 
by  increasing  the  voltage  on  the  second  grid,  the  spot  size  S  is 
reduced.  Similarly,  it  is  established  that  the  spot  size  de¬ 
creases  with  decreasing  beam  current  (Figures  139  and  140) . 

This  is  largely  because  of  the  reduction  in  object  size  in  the 
electron  optics  and  the  decreasing  aberrations  in  the  focusing 
lens.  A  third  parameter,  the  size  of  the  tube  itself,  has  been 
foiind  to  be  directly  related  to  the  spot  size.  A  linear  rela¬ 
tionship  appears  to  exist  between  tube  size  and  resulting  spot 
size.  Thus,  by  doubling  the  size  of  the  tube,  the  minimum  spot 
size  is  effectively  doubled. 

Another  iiiq>ortant  limitation  on  lainimum  spot  size  is 
liqKised  by  the  size  of  the  electron  scanning  beam  itself.  The 
electron's  target  requires  a  minimum  amount  of  current  charge 
before  it  will  beoc»e  excited  and  discharge.  But,  with  present 
techniques,  the  current's  density  is  also  limited.  Therefore, 
in  order  to  obtain  the  required  current,  the  beam  size  must 
often  be  increcised.  Glasford  (Ref.  140)  has  determined  that  the 
diameter  of  the  average  scanning  beam  is  approximately  0.005 
inch.  This  is  compared  with  phosphor  crystal  size  ranging  from 
5  to  15  microns.  (One  micron  =  0.000039  inch.) 


Levine  (Ref.  387)  in  a  study  of  current  beam  density, 
developed  spot  sizes  as  a  function  of  the  tube  sizes  for  several 
standard  tube  sizes  (Table  63) .  These  dicueter/spot  size 
relationships  were  based  on  long-persistence  type  phosphors  with 
the  current  equal  to  200  microamperes. 

There  cure  a  number  of  non-electrical  spot  size  determinants 
in  addition  to  those  considered  above.  One  of  these  is  obviously 
the  characteristics  of  the  phosphor  used  in  the  CRT  itself. 

Davis  (Ref.  103)  states  that  the  phosphor  crystals  used  on  most 
CRT  tubes  vary  from  5  to  15  microns  in  diameter  and  are  deposited 
CXI  the  facreplate  in  thicknesses  ranging  from  10  to  50  micrems. 
These  dimensions  will  necessaril^^Jimit  the  minimum  area  that 
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Figure  139.  Display  Spot  Size  as  a 
Function  of  Grid  (Gi)  Voltage. 
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Figure  140.  Display  Spot  Size  as  a  Functirai  of  Beaa  Current 
for  Various  Saiq>le  Tubes,  Bi,  Bj,  and  B).  (Bote  B_  =  7,000  Vblts 
E-  =  +320  Volts,  E_  =  +550  Volts,  and  =“*700  Volts) 


Table  63.  Spot  Sizes  as  a  Fiinction  of  Tube  Sizes. 
(After  Levine,  Ref-  387) 


Tube  Type 

Diameter 

Spot  Size 

K  =  1.9145* 

w 

5FP7 

5" 

0.6  mm 

3.19 

7HP7 

7" 

0.85  mm 

2.25 

9GP7 

9" 

1.2  mn 

1.60 

9LP7 

9" 

1.5  mm 

1.28 

12DP7 

12" 

1.5  mn 

1.28 

*K  =  Kell  Factor,  w  =  Current 


will  be  excited  during  each  bean  scan.  The  characteristics  of 
the  different  phosphors  will  determine  the  amount  of  light  that 
is  passed  to  the  surface  of  the  faceplate. 

The  optical  qualities  of  the  faceplate  (Figure  141)  and  the 
angle  at  which  the  passed  rays  strike  the  faceplate  (Figure  142) 
determines  the  amount  of  energy  that  is  passed  or  is  refracted 
back  into  ,the  tube.  This  refracted  energy  (rays)  will  produce 
the  halation  effect.  Another  consideration  is  the  location  of 
the  spot  on  the  face  of  the  tube.  If  the  spot  is  minimized  in 
the  center  of  the  screen,  it  may  increase  in  size  as  the  beam 
moves  away  from  the  center.  This  "location  defocusing”  may  be 
due  to  the  differences  between  the  center  of  deflection  and  the 
center  of  curvature  of  the  faceplate.  In  order  to  provide 
uniform  focus,  the  focus  anode  voltage  must  be  varied  as  the 
spot  moves  away  from  the  center  position  (Ref.  102)  . 

Careful  examination  of  the  visible  spot  on  a  CRT  tube  reveals 
a  light  pattern  around  the  spot  produced  by  the  electron  becim. 
These  rings  of  light  are  due  to  the  phenomenon  )mown  as  "halation" 
and  tend  to  reduce  the  quality  of  the  image  (Figure  141)  .  -The 
halation  effect  is  caused  by  light  rays  leaving  the  fluorescent 
crystals  at  the  inner  surface  of  the  tube,  traveling  upward  into 
the  glass  where  they  are  refracted.  Those  rays  making  an  angle 
greater  than  B  do  not  leave  the  glass  when  tliey  reach  the  outer 
surface,  but  instead  are  reflected  back  into  the  glass.  At  each 
point  where  these  reflected  rays  strike  the  fluorescent  crystals, 
they  again  scatter,  and  it  is  this  scattering  of  the  rays  that 
produces  visible  rings  on  the  screen.  These  rings  produce  a  hazy 
glow  in  the  region  surrounding  the  excited  spot  and  hence  reduce 
the  maximum  possible  detail  contrast. 
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Faceplate 


Figure  141.  Halation  Effect  Produced  by  Reflection  of  Beans 
by  Interior  Surfaces  of  Faceplate. 


Figure  142.  The  Diffusion  Effect  Resulting  from  a  Non-Flat  Screen 


The  hazy  glow  produced  by  the  halation  effect  degrades  the 
contrast  available  on  the  face  of  the  CRT  tube.  Wurtji  (Ref.  364) 
suggests  five  methods  that  may  be  used  to  reduce  the  degradation 
due  to  spot  size  halos : 

1.  Decrease  the  transmission  qualities  of  the  faceplate 
itself.  Halo  light  passes  through  the  faceplate  at  least  three 
times  (while  the  primary  rays  pass  through  only  once)  so  any 
decrease  in  the  faceplate  transmission  qualities  will  have  a 
marked  effect  on  the  halo.  The  light  available  from  the  primary 
spot  will,  however,  be  sacrificed  by  this  method. 

2.  Use  a  transparent  phosphor  -  the  limitations  with  this 
method  are  that  the  types  of  phosphors  that  can  be  utilized  with 
this  method  are  limited  cind  again  the  light  output  is  usually 
quite  low. 

3.  Increase  the  thickness  of  the  faceplate  -  the  thickness 
of  the  faceplate  can  be  increased  to  the  point  where  the  reflected 
light  is  reflected  back  to  the  phosphor  plane  out  of  the  primary 
viewing  area.  Onfortunately ,  little  information  is  available  on 
this  technique. 

•  .  Make  the  faceplate  very  thin  -  the  obvious  problem  here 
is  that  the  thin  plate  cannot  support  the  vacuum  load.  One 
solution  to  this  problem  is  to  mount  the  phosphor  on  a  thin 
(0.020  inch)  plate  located  behind  the  normal  thickness  faceplate. 
The  relative  fragility  of  the  phosphor  plate  is  often  a  drawback 
which  cannot  be  tolerated  with  this  technique. 

I 

5.  Use  fiberoptic  faceplates  -  Hurtz  recommends  this  method 
as  the  most  effective.  It  is,  however,  the  most  expensive  and 
becomes  particularly  unattractive  for  larger  screen  sizes. 

Ultra-high  resolution  tubes  allow  an  0.8  mil  spot  size  in 
the  center  of  a  3-inch  CRT  (4-1/2  inch  usable  diameter)  for  a 
total  resolution  of  5400  lines  (Ref.  269).  Relatively  high 
resolution  fobes  (approximately  4500  lines)  are  conanercially 
available  in  any  tube  size. 

If  electrostatic  deflection  or  duel  deflection  is  used,  spot 
size  will  increase  significantly;  20  mil  spot  size  is  typical  for 
the  5-inch  electrostatic  tubes,  with  10  mils  the  minimum 
avaiable. 

Standard  phosphors  permit  a  spot  size  of  about  0.7  mil, 
measured  by  the  shrinking  raster  method.  Due  to  the  difficulties 
in  focusing  a  beam  this  small,  especially  in  the  larger  tubes, 
it  is  rare  to  find  tubes  larger  than  5  inches  in  diameter  with 
spot  sizes  below  1  mil. 


Generally,  the  magnetic  deflection  type  CRT  can  offer 
smaller  spot  size  and  higher  brightness  than  the  electrostatic 
type  of  CRT.  The  "best*  or  smallest  spot  size  is  obtained  by 
using  magnetic  focusing  because  less  focus  aberrations  cure 
presented  by  the  otagnetic  field  as  this  field  does  not  change 
the  electron  velocity.  Higher  brightness  is  possible  with  the 
magnetic  tube,  since  the  deflection  sensitivity  is  inversely 
proportional  to  the  square  root  of  the  accelerating  voltage. 

In  electrostatic  tubes,  sensitivity  is  inversely  proportional  to 
the  full  accelerating  voltage.  Therefore,  increasing  the  ac¬ 
celeration  voltage  to  obtain  higher  brightness  will  have  less 
effect  on  the  magnetic  deflection  tube  than  on  the  electrostatic 
tube. 


Pizzicara  (Ref.  267)  reports  that  cathode  ray  tubes  have 
been  developed  with  spot  sizes  as  small  as  0.001  inch  and  less. 
Typically,  these  high  resolution  tubes  have  electromagnetic 
deflection  and  focus,  and  extreme  care  must  be  exercised  in  their 
construction.  They  must  be  constructed  with  exceptionally 
uniform,  fine  grain,  low  noise  phosphor  deposited  on  optical 
quality  faceplates. 

To  achieve  these  exacting  spot  sizes,  the  power  supply  for 
the  tiibes  and  coils  must  be  tightly  regulated.  But  the  develop¬ 
ment  of  these  newer  (but  lower  sensitivity)  recording  materials 
require  increased  light  ou^ut  of  the  recording  CRTs  to  achieve 
exposure  in  a  reasonable  amount  of  time.  This  increase  in  power, 
however,  results  in  spot  size  growth  and  the  resultant  loss  of 
resolution . 

Channel  Bandwidth 

Bandwidth,  the  information  carrying  potential  of  the  display 
system,  directly  affects  the  resolution  of  the  display.  Increas¬ 
ing  the  number  of  information  bits  carried  auid  displayed  by  the 
system  without  increeising  the  bandwidth  will  result  in  a  reduc¬ 
tion  of  display  resolution  (i.e.,  greater  spreading  of  the  spot). 
The  calculation  of  bandwidth  is  based  on: 

f  =  ”a^  =  Information  or  video  frequency 

2 

N  s  Scan  rate  (frames/second) 

n2  =  «H«v  =  Total  number  of  display  elements  (active  and 
inactive) 

n  =  The  number  of  active  elements  per  line  (horizontal) 

R^  =  Scanned  lines/frame 
p  =  Aspect  ratio 
Ry  =  Vertical  resolution 
k  =  Kell  factor 
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where: 


=  Horizontal  Resolution 

=  Kn  =  Total  number  of  horizontal  resolution 
^  elements 


Total  Number  of  Elements 


Number  of  active  elements (Trace) 
and  b£indwidth  is  specified  as: 


BW 

= 

f 

cz 

"cl  = 

Bandwidth 

where: 

"cz 

= 

upper 

crutof  f 

(3db) 

frequency) 

"cl 

= 

lower 

cutoff 

(3db) 

frequency) 

and: 

"cl 

= 

OHz, 

therefore: 

BW 

= 

"cz 

(Note  k>l) 


Zworykin  (Ref.  366)  has  sha%m  that  the  video  channel 
trcinsmits  a  band  of  frequencies  from  approximately  zero  to  the 
upper  frequency  given  by: 


where : 


A 


f  =  An^N 
cz 


=  Aspect  Ratio  = 


Element  Width 
Element  Height 


N  =  Refresh  rate  in  frames/second  (which  includes 
interlace  factor  if  one  is  present) 

2 

Since  the  number  of  picture  elements  (n  )  is  the  product  of  the 
transverse  resolution  (scan  lines)  times  the  number  of  picture 
elements  per  line,  it  is  seen  that: 


Substituting  the  equation 

Rj^  =  Kn^  (which  gives  the  transverse  resolution) 

in  the  above  equation  (noting  that  by  definition  n^  =  Rj^)  ,  the 
longitudinal  resolution  (R^)  obtained  is: 

and  by  combining,  the  result  shown  that: 

f  =  pKn  R_N 
cz  a 


where:  p  is  the  aspect  ratio, 

which  indicates  that  for  a  given  set  of  scanning  conditions, 
the  longitudinal  resolution  and  the  bandwidth  upper  cutoff 
frequency  are  directly  proportional. 
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D'Aiuto  (Ref.  98)  using  a  similar  equation  plotted 
resolution  n  (number  of  scan  lines)  as  a  function  of 
bandwidth  BW  (video  frequency)  and  frame  rate  N:  Assuming 
a  Kell  factor  of  k  =  0.85  and  an  aspect  ratio  (p)  of  1, 
the  graphs  are  as  presented  in  Figures  143,  144  and  145. 

Luxemberg  notes  that  many  attempts  have  been  made 
to  reduce  bandwidth  due  to  the  psychophysical  phenomena 
of  flicker  (see  section  on  flicker).  Commercial 
television  has  achieved  bemdwidth  reduction  through  the 
use  of  interlacing  sccin  lines.  In  this  technique,  one 
frame  actually  consists  of  two  distinct  fields,  each  of 
which  consists  of  lines  spaced  to  lie  between  those  of 
the  alternate  field.  The  total  number  of  resolution 
elements  is  the  same,  but  the  eye  is  unaware  of  the 
reduction  of  transverse  resolution  in  each  field  (which 
has  a  period  of  2  )  and  experiences  an  effective  flicker 

frequency  of  H/j-'  consequently,  to  achieve  a  desired 
flicker  free  rate: 


may  be  doubled  and 
N  may  be  halved  without  changing  f 

c  z 

where:  R^  =  Vertical  resolution 

N  =  Scan  rate  (frames/second) 


Deutsch  (Ref.  106)  attempted  to  reduce  bandwidth 
without  sacrificing  flicker  free  performctnce  by  using 
a  "pseudo-random  dot  scan"  technique.  This  technique 
has  reduced  frame  rates  satisfactorily  to  as  low  as 
1  or  2  hertz.  In  essence,  the  image  is  a  mosaic  of 
isolated  picture  elements.  Although  this  random 
pattern  is  theoretically  possible,  Luxemberg  concludes 
that  practical  implementation  is  burdcnscxne. 

Humes  and  Bauerschmidt  (Ref.  175)  suggested  the 
following  equation  for  determination  of  bandwidth: 


f  =  (RASI)  (Rbsl)  (frame  rate)  (scan  line  lenqth/raster  height) 
cz  -  2 

in  which  RASI  =  number  of  TV  resolution  elements  along  a  scan 
line,  Rbsl  =  nimber  of  television  elements  across  the 
raster,  and  the  assumed  Kell  factor  is  0.7. 
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Figiire  143.  Resolution  (n  =  number  of 

Scan  Lines)  as  a  Function  of  Bandwidth 

(f  )  and  Frame  Rate  (M) .  (After  Ref.  98) 
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Figure  145.  Resolution  as. a  Function 
of  Bandwidth  and  Frame  Rate  (N) . 
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Figure  144.  Resolution  as  a 
Function  of  Bandwidth  an 

Frame  Rate  (N) . 


Meister  and  Sullivan  (Ref.  232)  stated  that  the 
connnercial  television  bandwidth  is  approximately  4  MHZ, 
and  they  referenced  Humes  and  Bauerschmidt  as  stating 
that  high  resolution  TV  systems  have  achieved  as  much 
as  25  MHZ. 


Vertical  and  Horizontal  Resolution 


Disregarding  for  the  mcRsent  the  numerous  technical 
methods  of  describing  resolution,  it  is  common  practice 
to  discuss  raster  generated  resolution  in  terms  of  the 
total  number  of  raster  lines  in  the  display  or  the 
total  number  of  raster  lines  per  unit  of  display  surface. 
Luxemberg  and  Kuehn  (Ref.  226)  state  that  there  are 
two  basic  distinctions  that  Ccin  be  made  concerning  the 
method  of  presentation  of  raster  lines.  This  distinc¬ 
tion  is  made  between  rasters  that  are  regularly  repeated 
at  prescribed  time  intervals,  and  those  that  are 
rcindomly  or  quasi-randomly  repeated.  When  the  line 
generation  is  predictably  repetitive,  the  process  is 
generally  known  eis  "scanning"  arid  when  it  is  random 
it  is  generally  known  as  "line  written". 


Raster  scanning  consists  of  a  repetitive  series 
of  horizontal  lines  placed  one  above  the  other  on  the 
viewing  screen  by  sweeping  the  electron  beam  from 
side  to  side  (see  Figure  146) .  Information  is 
produced  by  intensifying  portions  of  the  horizontal 
lines  in  response  to  input  commands.  When  each 
horizontal  line  reaches  its  limit  and  one  edge  of  the 
screen,  it  retraces  back  to  the  starting  point.  When 
the  bottom  horizontal  line  is  generated,  the  beam 
retraces  back  to  the  original  starting  point.  The 
becim  is  blank  during  these  retraces  and  consequently 
does  not  produce  an  image  on  the  screen. 

Images  that  are  dissected,  initially  formed  or 
reformed  by  the  scanning  process  exhibit  a  fine 
structure  which  is  anisotropic.  Assuming  that  the 
image  is  composed  of  a  multitude  of  arbitrarily 
small  picture  elements  centered  in  the  scanning 
aperture  and  that  these  elements 'kre  alternatively 
black  and  white  and  arranged  to  form  a  line 
transverse  to  the  scanning  line,  it  can  be  seen  that 
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DISPLAY 


COMPONENT  SIGNALS 


Horizontal 


- —  —  Horizontal  Retrace  Pattern 

••••*•  Vertical  Retrace  Pattern 


Figure  146.  Typical  Raster  Scanned  Display  and  Component  Signals. 


at  best  each  scanning  line  can  sample  but  one  picture  element  in 
the  transverse  line  image.  Thus,  the  limiting  transverse  resolu¬ 
tion  in  terms  of  picture  elements  is  given  by  the  nuicber  of 
scanning  lines  in  the  raster.  Luxemberg  hence  indirectly  defines 
the  "picture  element"  as  the  least  gecanetrical  detail  that  can  be 
discerned.  But,  not  all  the  scanning  lines  in  a  raster  are 
available  to  form  the  image  because  the  returning  raster  must  have 
their  retraces  obscured,  and  the  lines  used  for  this  purpose  are 
not  available  for  image  structure.  The  remaining  "active"  lines 
are  the  only  ones  determining  transverse  resolution  (Figure  147)  . 

If  the  individual  picture  elements  were  placed  in  such  a 
fashion  that  each  is  covered  by  half  of  the  two  adjacent  scanning 
lines,  the  individual  eluents  would  disappear  into  an  unsegmented 
gray  line.  In  practice,  however,  picture  information  is  not 
nearly  this  uniform,  and  a  random  fine  grain  structure  results 
that  has  a  random  relationship  to  the  scanning  pattern.  Con¬ 
sequently,  transverse  resolution  actually  achieved  is  given  by 


where  n  is  the  number  of  active  scanning  lines  and  k.  is  the  "Kell 
factor"  aetermined  by  the  statistical  geometry  of  the  image 
''  covered  by  the  raster.  Television  standards  orient  the  rasters 
such  that  Rj^  =  R^  with  representing  vertical  resolution 

(scanning  lines  being  "horizontal") •  These  Kell  factors  have 
ranged  from  0.53  to  0.85.  Commercial  television  standards  are 
set  at  0.70. 
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In  an  effort  to  conserve  bandwidth  without  sacrificing 
freedoH  from  flicker,  standard  television  employs  a  system  of 
interlaced  scanning  (see  Figure  148} .  The  sensation  of  flicker 
in  a  display  is,  among  other  things,  a  function  of  the  frequency 
of  illimination  of  the  screen.  It  is  not  a  function  of  the 
number  of  scanning  lines  nor  the  frequency  of  the  recurrence  of 
a  particular  line  itself  (Chinn,  Bef.  397).  Therefore,  a  system 
that  causes  the  entire  area  of  the  screen  to  be  illuminated  at  a 
higher  rate,  even  though  the  same  lines  are  not  scanned  during 
successive  cycles,  results  in  greater  freedom  from  flicker.  The 
standard  TV  2-1  interlace  scheme  does  exactly  this.  Alternate 
lines  are  scanned  consecutively  from  top  to  bottom  as  a  group. 

The  intervening  lines  form  the  second  group  and  are  scanned 
during  the  next  scanning  cycle.  As  a  consequence,  262  1/2  lines 
are  scanned  per  frame  in  the  standard  525  line  system. 

Horizontal  resolution  requirements  for  raster  generated 
displays  is  calculated  by  multiplying  active  scanning  time  (in 
microseconds)  by  the  bandwidth  (in  megacycles)  and  their  product 
by  a  multiplier  of  2  (%diich  is  basic  to  all  information  content 
equations)  .  The  multiplier  2  is  necessary  because  each  cycle  has 
a  mininnim  and  a  maximum  state,  which  in  the  case  of  video  means 
light  or  dark  picture  elements.  Ketchel  and  Jenney  (Ref.  206) 
offer  the  following  example; 

Total  scanning  time  63.5  psec 

Blanking  time  -12.0  psec 

Active  scanning  time  (T)  51.5  psec 

Bandwidth  (B)  3.0  megacycles 

Inserting  these  values  into  the  formula  suggested  by  Beste  (Ref. 

396)  for  calculating  horizontal  resolution  (N) : 

N  =  2  (TB) 

N  =  2  (51.5  usee  x  3.0  megacyles) 

N  =  2  (154.5  cycles) 

N  =  309  elements  resolvable  horizontally. 

This  method  is  very  much  simplified  for  the  purpose  of  illustration. 
For  a  more  detailed  explanation  see  Refs.  58,  102,  120  and  140. 

Fink  (Ref.  120)  suggests  that  a  truer  measure  of  television 
resolution  could  be  obtained  not  from  vertical  or  horizontal 
resolution  alone,  but  frexn  the  product  of  both  of  these  values. 

This  product  would  be  proportional  to  the  total  number  of 
resolvable  picture  elements  in  the  image. 
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Figure  148.  Typical  Television  Frame  Interlacing. 

Glasford  (Ref.  140)  points  out  that  in  the  conventional 
525  line  interlaced  system,  262  1/2  lines  are  scanned  during 
each  vertical  frame  (sweep) .  If  the  vertical  field  frequency 
f  is  60  cps,  the  frame  frequency  f,  is  30  cps  and  the  hori¬ 
zontal  line  frequency  f.  is  60  then^525  lines  -  15,750  Hertz. 
Additionally,  any  number  of  fields  may  be  interlaced  to  make  up 
a  given  frame.  This  can  be  calculated  by  letting  N  represent 
the  number  of  fields  per  frame, 

i:  f  =  Vertical  field  scanning 

^  frequency 
f j  is  the  frame  frequency 

n  is  found  by 


%diere:  W  =  approximately  1/3  of 
total  number  of  scan 
lines 


N  =  ^V 


where 


and: 


the  total  number  of  lines 


N  =  N{W  +  i) 


and  the  horizontal  scanning  frequency  is  given  by 


f 

n  V 
N 
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Line  Written  Display  Resolution 


Ketchel  and  Jenney  (Ref.  206)  reviewed  the  literat\ire  and 
concluded  that  line  %#ritten  display  resolution  does  not  represent 
a  formidable  problem  for  electro-qptical  display  designers. 

They  also  noted  that  the  major  aircraft  application  of  this  type 
of  display  is  in  the  head-up  display.  It  is  noted,  however, 
that  the  line  %irritten  technique  may  also  be  used  in  other  types 
of  displays.  The  present  writers  are  skeptical  of  this  over¬ 
simplification.  In  addition  to  the  resolution  considerations 
considered  with  the  raster  scan  type  of  display,  a  number  of 
unique  problems  are  associated  with  the  line  written  display, 
especially  with  the  head- up  display. 

Ketchel  and  Jenney  ccnclude  that  vernier  alignment  and  the 
discriminabillty  of  symbols  in  close  proximity  are  "the  kinds  of 
problems”  which  are  likely  to  be  found  in  such  devices.  Ihey 
add  that  the  symbol  should  be  "sharp”  and  the  lines  should  be 
wide  enough  to  be  seen  agciinst  the  display  background.  In  this 
respect,  the  requirements  are  soiiie%rhat  the  reverse  of  those 
found  in  raster  type  displays.  The  problem  is  not  how  small  the 
lines  have  to  be  made  to  improve  resolution,  rather  how  large 
must  they  be  in  order  to  ensure  detection  and  recognition.  The 
exact  line  width  depends  somewhat  upon  the  precision  demanded  in 
a  given  display  usage.  The  above  authors  suggest  3  to  5  min. 
arc  for  gtiidance  purposes.  For  direct  view,  this  is  equivalent 
to  a  line  width  of  0.024  to 0. 040  inches  at  a  viewing  distance 
of  28  inches. 

1 

Summary  ^ 

This  cursory  treatment  of  the  subject  of  resolution  was 
intended  to  demonstrate  some  of  the  basic  parameters  involved  in 
the  determination  of  resolution.  With  this  awareness  of  seme  of 
the  considerations  involved,  it  is  hoped  that  rational  decisions 
concerning  resolution  requirements  in  airborne  displays  will  be 
facilitated.  The  word  'decisions*  was  used  because  it  is  felt 
that  each  display  situation  has  a  unique  set  of  parameters  and 
consequently  no  one  decision: ^may  be  applied  to  all  situations. 
Each  display  situation  places  different  demands  on  the  display 
and  these  demhnds  should  be  the  prime  determinant  of  the 
resolution  required.  A  brief  review  of  some  of  the  measures  of 
resolution  currently  in  use  or  recommended  indicates  the 
following  values : 

Fink  (Ref.  120)  states  that  the  resolution  power  of  the 
hinocm  eye  necessitates  a  minimum  of  about  400  horizontal  lines 
per  display  and  a  corresponding  number  of  vertical  divisions.  He 
also  notes  that  different  countries  have  adopted  different 
standards  for  their  cocsnercial  television  systems.  The  U.S.  and 
the  rest  of  North  America  have  a  525-line  standard  while  England 
uses  405  lines,  most  of  Western  Europe  and  Russia  have  625  as  a 
standard  with  the  exception  of  France  and  Belgium  with  819  lines. 
(These  values  are  independent  of  screen  size.) 
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Caxel  (Ref.  58)  after  careful  consideration,  recooaiended  that 
a  minlania  of  1,000  lines  be  used  as  a  standard.  This  in  part 
would  help  to  compensate  for  image  degradation  due  to  the  multi¬ 
tude  of  parameters  affecting  resolution.  Asstating  similar  raster 
size  and  80  blanked  lines  (for  retracing)  this*  figure  amounts  to 
about  115  lines  per  inch  or  almost  twice  the  number  of  lines  foiind 
in  the  average  1967  display  (Ref.  206) .  On  the  assumption  that 
the  eye’s  resolving  power  is  limited  to  about  one  minute  of  arc, 
Carel's  display  recommendation  would  approach  the  limits  of  the 
eye.  (One  minute  of  arc  is  equivalent  to  120  lines  viewed  at 
28  inches) . 

Ketchel  and  Jenney  (Ref.  206)  reviewed  the  literature  and 
concluded  that  conte^mrary  vertical  situation  displays  were  being 
designed  with  vertical  active  rcustter  lines  totaling  between  500 
and  700  lines  on  8-inch  raster  displays.  This  is  equivalent  to 
62  to  87  vertical  lines  per  inch  respectively.  These  authors 
expressed  concern  that  the  1,000  lines  recommended  by  Carel 
(Ref.  58)  was  warranted. 

'  Whitham  (Ref.  352)  studied  display  size  and  resolution  of' 
displays  for  both  a  500  line  and  1,000  line  system.  From  the 
information  on  his  graph  for  a  1,000  line  system  having  a  height 
of  5  inches  it  is  seen  that  the  mnTimnm  element  size  is  about 
0.004  inches  (4  mils)  and  for  the  500  line  system  the  maximum 
element  size  doubles  to  about  0.008  indies.  At  a  viewing  distance 
of  28  inches,  his  chcirts  indicate  that  if  the  elements  are 
between  0.009  and  0.085  inch,  they  are  within  the  limits  of 
acuity  (which  was  undefined) .  In  this  case,  it  may  be  seen  that 
the  1,000  line  system  exceeds  the  acuity  criterion  set  by  the 
author.  However,  he  did  not  specify  a  paurticular  recommendation. 

Slocum  et  al.  (Ref.  312}  state  that  mission  requirements 
determine  the  sensors  to  be  used,  and  the  pilot’s  tasks  likewise 
vary  as  a  function  of  the  mission.  In  order  to  fulfill  his 
mission,  the  pilot  must  have  certain  information  presented  to  him 
in  legible  form.  This  in  turn  dictates  the  resolution  require¬ 
ments  of  the  display.  After  consideration  of  the  high  resolution 
sensor  performance,  operator  tasks  and  system  performance  require- 
mrats,  the  SloctM  et  al.  concluded  that  a  1,000  TV  line*  display 
would  provide  the  adequate  resolution.  They  note  that  this 
would  be  especially  desirable  on  a  cxmdtined  sensor  display  to 
minimize  the  loss  of  resolution  on  this  type  of  display. 

Poole  (Ref.  268)  noted  that  the  assumed  resolving  power  of 
the  eye  is  about  1  minute  of  arc.  He  concluded  that  a  display  of 
about  115  lines  per  inch  cq>proaches  that  limit.  This  is 
approximately  equivalent  to  a  1,000  line  display  (1  min  of  arc  = 
120  raster  lines  viewed  at  28  inches) .  Poole  adds  that  this  1 

*  1,000  TV  lines  =  590  optical  line  pairs  =  840  shrinking  raster 
lines. 


min.  of  cure  figture  is  an  approximation  and  should  not  be  taken  as 
the  only  basis. 

Chijui  (1953)  suggests  that  the  number  of  lines  in  a  display 
should  be  determihed  by  the  resolution  required  from  the  display. 
By  establishing  the  resolution  requirements  and  accounting  for 
the  various  other  factors  affecting  resolution,  the  number  of 
lines  can  be  determined.  He  suggests  that  the  number  arrived  at 
should  be  an  odd  number  so  that  if  interlacing  is  used  to 
conserve  bandwidth,  there  will  be  an  equal  number  of  lines  (plus 
a  fraction,  i.e.,  262-1/2)  per  field.  Even-line  interlacing, 
although  possible,  is  not  feasible  because  of  the  high  degree  of 
accuracy  required. 


SOLID  STATE  DISPLAY  RESOLUTION 

Design-variables  influencing  X-Y  matrix  solid  state  display 
resolution  essentially  are  counterparts  of  similar  variables 
influencing  CRT  display  resolution.  The  variables  include  number 
of  vertical  resolution  elaaents,  number  of  horizontal  resolution 
elements,  emitter  size,  and  emitter  density.  One  solid  state 
variable,  however,  has  no  CRT  counterpart.  This  variable  is 
emitter  shape.  A^itionally,  solid  state  emitters  are  character¬ 
ized  by  sharp  edge  gradients.  CRT  spots,  on  the  other  hand, 
typically  are  not  characterized  by  sharp  edge  gradients  due  to 
the  spatial  luminance  distribution  of  the  CRT  spot. 

Vaxiables  influencing  resolution  and  image  quality  factors 
for  solid  state  X-Y  aunray  displays  are  shown  in  Figure  149. 

Because  necessary  research  has  not  yet  been  conducted,  it  is 
difficult  to  identify  which  of  the  variables  might  have  the  - 
greatest  impact  upon  image  quality.  Certainly  emitter  size  is  a 
primaary.  variable,  -but-^tbewmffects  of-  emitt^  'size  'upon  resolution 
are  integrally  related  to  esu.tter  placesient  or  spacing  since 
these  two  factors,  in  turn,  prescribe  emitter  density.  Emi tter 
placement,  in  turn,  will  be  strongly  influenced  by  the  ability 
of  engineering  technology  to  develop  solid  state  displays  with 
high  emitter  densities,  and  consequently  with  minimal  gaps  or 
other  visible  spaces  between  emitters.  Recent  advances  in  the 
^  development  of  gapless  electroluminescent  displays  have  been 
reported  (Ref.  196).  Gaps  between  emitters  were  eliminated  by 
overlapping  emitter  electrodes.  Whether  this  or  similar  techniques 
can  be  applied, to  light  emitting  doide  or  gas  discharge  displays 
remains  to  be  established.  Additionally,  there  is  the  (question 
of  whether  eliminating  inter-emitter  gaps  enhances  usable 
resolution  since  eauLtter  sizes  and  density  factors  may  be 
unaffected  by  such  procedures. 

fitter  shape  is  another  variable  over  which  the  designer  has 
direct  control  in  solid  state  displays.  Excluding  segmented 
emitter  arrays  with  specific  application  to  alphanumeric 
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a.  Representative  Bautter  Shapes  and  Configurations. 


Instantaneous  Solid-State  CRT  Spot 

On-Off  Cycle  On-Off  Cycle  On-Off  Cycle 

* 


b,  ■  Representative  On-Off  Cycles. 

Figxire  149.  Solid  State  Type  Display  Resolution  Variables. 

characters,  several  practical  emitter  shapes  are  shown  in  Figure 
149.  In  the  selection  of  aitter  shapes,  several  criteria  mist 
be  considered.  The  most  ii^mrtant  criterion  is  related  to  the 
type  of  symbology  %rtiich  is  to  be  displayed.  For  ezasgile,  round 
or  square  emitters  provide  considerable  latitude  for  presenting 
alphanumeric  or  other  symbols,  lines,  or  shades  of  gray  areas. 

The  use  of  triangle  or  diamond  emitter  shapes  places  additional 
restrictions  on  the  angles  with  which  various  symbols  or  lines  can 
be  smoothly  displayed.  However,  the  restrictions  might  be  of 
little  practical  consequence  if  emitter  sizes  were  sufficiently 
small  and  emitter  densities  sufficiently  high  to  produce  adequate 
resolution.  With  relatively  large  emitters  (e.g.,  25  to  50  mils 
minimum  dimension) ,  triangular  or  diamond  emitter  shapes  might 
impose  limitations  upon  display  information  content,  or  at  least 
the  quality  with  which  various  types  of  symbology  could  be 
displayed. 
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A  second  iji^>ortant  criterion  for  selecting  emitter  shape 
involves  the  maximizing  emitter  area  while  minimizing  gaps  and 
spaces  between  emitters.  The  brightness  sensitivity  of -the 
human  eye  is  affected  by  area  of  the  source  of  illuminance.  In 
other  words,  for  a  given  illuminance  level,  larger  luminous 
objects  can  be  detected  more  easily  than  smaller  luminous 
objects.  Indeed,  one  determinate  of  the  threshold  of  vision  is 
the  retinal  area  stimulated.  Consequently,  if  small  emitters 
are  used,  the  non-luminous  area  between  emitters  also  should  be 
small  in  order  that  the  luminance  requirements  for  symbols  com¬ 
prised  of  numerous  activated  emitters  will  not  turn  out  to  be 
influenced  by  single  emitter  dimensions  rather  than  total  symbol 
(family  of  emitter)  dimensions.  A  review  of  both  basic  psycho¬ 
physical  research  and  design-oriented  reseaurcfa  produced  no  data 
which  could  be  generalized  with  any  degree  of  confidence  for 
predicting  symbol  contrast  and  luminance  requirements  as  a  func¬ 
tion  of  symbol  size,  emitter  size  and  emitter  placement  or 
density.  The  necessity  for  such  data  is  quite  apparent. 

A  third  criterion  involving  emitter  shape,  size  and  density 
relates  directly  to  the.  level  of  operator  task  performance  which 
is  required.  There  are  numerous  criteria  which  may  be  applied 
to  task  performance.  Whether  the  tasks  require  symbol  discrimi¬ 
nation,  scale  reading  or  continuous  ccntrol  performance,  per¬ 
formance  measures  may  range  from  those  minimally  required  to 
ensure  mission  success  to  perfonumce  which  allows  for  some 
margin  of  safety  beyond  minimum  levels.  Finally,  pilot  prefer¬ 
ence  is  directly  related  to  display  acceptance,  and  it  is  not 
unlikely  that  solid  state  resolution  required  to  produce  displays 
%rhich  are  generally  acceptable  to  pilots  may  exceed  resolution 
required  to  produce  minimally  acceptable  perfon&ance.  Again, 
there  are  few  research  data  which,  relate  to  pilot  performance  as 
a  function  of  resolution  for  CBT  or  solid  state  displays.  There 
are  no  data  which  directly  address  preferred  resolution  for  solid 
state  displays.  One  study  tfhicdi  indirectly  addressed  electro¬ 
luminescent  display  resolution  and  legibility  is  discussed  below. 

King  et  al.  (Ref.  208)  used  a  125  segment  electrolumines¬ 
cent  bargraph  display  to  investigate  legibility  contrast  ratio 
requirements.  Each  EX  segment  compi^ising  the  bargraph  was  0.25 
inch  wide,  while  stroke  width  for  segment  was  0.035  inches. 

Gaps  between  segments  were  0.005  inches.  The  legibility  task 
used  by  King  et  al.  required  that  each  of  30  experimental  sub¬ 
jects  correctly  read  randomly  determined  EL  bargr^>h  values 
against  an  associated  scale  three  times  in  succession.  Correct 
readings  required  the  accurate  discrimination  of  on  vs.  off  bar- 
graph  elements.  The  authors  report  that  subjects  could  consist¬ 
ently  achieve  the  accuracy  needed  to  read  the  EL  column  against 
the  numbered  scale.  Subjects  also  consistently  reported  that 
the  5  mil  gaps  between  segments  were  easily  visible.  Five  mils 
at  a  28-inch  viewing  distance,  which  was  used  by  King  et  al., 
corresponds  with  a  visual  angle  of  approximately  40  seconds  of 
arc. 
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VI5UAI.  ACUITY  AMD  RESQLUTIQW 


In  the  section  on  visual  acuity,  the  many  factors  affecting 
the  acuity  of  the  human  eye  were  examined  and  significant 
relationships  among  these  parameters  pointed  out.  In  the 
preceding  section,  the  factors  affecting  the  resolution  of  the 
display  screen  were  examined.  It  is,  therefore,  expedient  at 
this  point  to  attempt  to  relate  the  factors  of  visual  acuity  to 
the  factors  of  resolution,  where  the  data  will  permit. 

Visual  acuity  is  defined  as  the  smallest  discernible  detail 
that  the  eye  can  resolve  while  display  resolution  is  defined  as 
the  smallest  discernible  detail  on  the  display  £ace.  It  is 
recalled  that  the  eye  could  reliably  resolve  targets  as  small  as 
30  seconds  of  arc  (.00  40  in.  at  28  inches)  tinder  ideal  viewing 
conditions,  while  standard  CRT  tube  spot  size  is  approximately 
1  mil  in  diameter  (.001  inch).  Unfortunately,  the  minimum 
discernible  detail  that  can  be  resolved  by  the  eye  cannot  be 
directly  correlated  with  the  minimum  spot  size  produced  by  the 
display,  for  as  was  indicated,  a  number  intervening  variables 
must  be  accounted  for  (age,  contrast,  illumination  levels,  eye 
adaptation) .  Quantitative  relating  of  these  environmental 
factors  to  either  resolution  or  visual  acuity  factors  have  not 
been  forwarded  sufficiently'  to  allow  for  the  integration  of  all 
of  these  varicibles  into  a  ^resolution  system* ;  a  quantitative 
step-by-step  specification  Of  the  relationship  of  spot  size  to 
minimum  visual  acuity.  Many  of  the  data  derived  from  studies  of 
these  environmental  variables^  lack  the  threshold  qualities  of  a 
true  measure  of  resolution. 

•  \ 

The  diagram  presented  in  been  developed  in 

an  effort  to  demonstrate  the  relationship  (in  graphic  format) 
cimong  the  various  factors  in  cin  information  display  system.  It 
is  observed  that  the  luminance  or  the  emitter  is  the  medium 
linking  the  display  face  with  the\eye  of  the  observer.  It  can 
likewise  be  seen  that  the  light  form  emitted  by  the  emitter  is 
not  the  same  light  form  impinging  'Upon  the  retina  of  the  observer. 
Not  only  has  the  form  of  the  light' been  changed,  but  the  intensi¬ 
ty  of  the  light  has  been  greatly  r^uced  (the  units  of  light 
intensity  are  arbitrary  units  selected  for  demonstration  only). 
Additionally,  the  parameters  that  t^d  to  reduce  the  quality  of 
the  transmitted  light  are  listed  under  each  of  the  principal 
steps  in  the  transmission  process.  It  does  not,  however,  list 
all  of  the  possible  factors  that  could  interact  to  affect 
resolution. 

\ 

In  the  absence  of  good  hard  data  at  all  points  along  the 
'resolution  system'.  Table  64  is  presented  in  an  effort  to 
demonstrate  some  of  the  possible  parametric  interactions  and 
relationships.  Again,  this  table  is  to  be  used  as  a  guide,  as  all 
of  the  possible  combinations  are  not  present  here.  These  relation 
ships  have  been  derived  from  the  data  reviewed  in  this  report  and 
represent  a  summation  across  studies  where  data  have  permitted. 
Because  data  are  completely  lacking  on  some  of  the  parameters  (or 


it  was  felt  that  existing  data  were  not  valid),  some  "forced 
speculation"  has  been  reported.  On  the  whole,  the  relationships 
shown  in  Table  64,  as  well  as  those  shown  in  Tad>le  59  (visual 
acuity) ,  are  representative  of  the  relationships  affecting 
display  system  resolution.  These  two  tables,  however,  do  not 
provide  an  all-inclusive  listing  of  possible  factors. 


CRT  TYPE  DISPLAY  RESEARCH  REQUIREMENTS 


Considerable  research  and  evaluation  has  been  performed  on 
electronic  display  equipment,  on  the  visible  light  environment, 
and  on  the  eye.  However,  little  valid  reseatrch  hcis  been  con¬ 
ducted  on  the  observer-environment-display  system  as  a  function¬ 
ing  unit.  Operator  performance  studies  have  been  conducted 
iinder  laboratory  conditions  (low-light  level  to  rocxn  level 
luminance  conditions)  without  the  presence  of  performance  de¬ 
grading  environmental  factors  (vibration,  stress,  acceleration, 
high  amtjient  Ivnninance  conditions).  Studies  of  effects  of  the 
visible  light  environment  on  resolution  tend  to  eliminate  the 
observer  from  the  system,  while  studies  of  display  equipment 
eliminate  either  the  observer  or  the  environment.  No  multi- 
parametric  evaluation  of  the  observer-environment-display 
resolution  system  under  operational  conditions  is  found  in  the 
literature.  For  this  recison,  the  following  general  research 
recommendations  are  made  (based  on  Figure  150  showing  the  total 
resolution  system) : 

1.  A  multiparametric  display-environment-observer  system 
should  be  developed  wherein  display  parameters,  environmental 
parameters  and  observer  viewing  conditions  could  be  examined 
individually  cind  in  combination  with  respect  to  their  effects  on 
the  total  system. 

2.  Using  the  above  vehicle,  a  systematic  evaluation  of  the 

individual  (or  combinations)  display,  environmental  and  observer 
parameters  be  conducted  with  emphasis  on  its  effect  on  the  over¬ 
all  system.  Display  legibility  would  be  the  performance  mea¬ 
surement  with  realistic  operator  tasks  included  in  the  measure¬ 
ment.  '  \ 


3.  Evaluation  should  be  conducted  under  conditions 
expected  to  be  encountered  under  actual  operating  conditions  with 
the  performance  degrading  factors  systematically  induced  into 
the  system. 

4.  With  the  data  derived  from  the  above  evaluations,  a 
quantitative  display-environment-observer  (and  qualitative) 
formula  should  be  developed  that  could  account  for  the  impact  of 
each  of  the  major  factors  on  the  total  resolution  system.  This 
formulation  would  be  beneficial  as  a  realistic  design  tool  for 
display  design  auid  display  system  evaluation. 
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Figure  150.  Schematic  of  Light  Transmission  Process  in  "Total  Resolution 

from  Display  Surface  to  Eye  of  Observer. 

(Note  that  Environmental  Degradation  was  not  accounted  for) 


Table  64.  Summary  of  Eye-Equipment  System  Parameter  Interactions. 


Amount  of  Info. 
Spot  Spread 
Line  Spread 
MTF 

Vibration 

Bright  vs .  Dark 
Target 

"Granularity" 
lection 
Halation 
Faceplate 
Screen  Effec. 

i 

Phosphor  Charac. 

Spot  Location 

Voltages 

Beam  Intensity 

Wavelengths 

Color 

Im^e  Enhance. 
Background  Bri. 
Target  Bright. 
Image  Motion 
Display  Size 
Spot  Size 
Scan  Lines/Ht. 
Bandwidth 
Equip.  Resol. 
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5.  Data  derived  froa  the  above  research  should  be  integrated 
in  a  meaningful  quantitative  manner  and  presented  in  concise 
handbook,  format  for  use  by  human  factors  engineers  as  well  as 
display  design  engineers.  The  handbook  should  show  the  nature 
and  extent  of  parameter  tradeoffs  and  their  effects  on  the 
resolution  of  the  system.  The  handbook  should  be  so  designed  as 
to  allow  for  the  incorporation  of  new  advances  and  research 
results  into  the  existing  body  of  information. 


SOLID  STATE  RESOLUTION  RESEARCH  REQUIREMENTS 

Since  no  directly  relevant  solid  state  X-Y  matrix  display 
resolution  research  data  were  found,  the  research  requirements 
presented  below  should  be  considered,  in  part,  as  being  within 
the  context  of  exploratory  reseeurch.  The  value  of  exploratory 
research  is  that  it  provides  data  which  can  be  used  to  identify 
the  relative  degrees  of  importance  of  design  Vciriables  tested, 
produces  data  which  can  identify  trends  for  future  research, 
identifies  interactive  variable  relationships,  and  identifies 
critical  tasks  for  use  in  more  generalizable  design-oriented 
research.  Because  of  the  almost  total  void  of  data  directly 
relevant  to  operator  task  performance  as  a  function  of  solid 
state  display  resolution  factors,  it  is  felt  that  requirements 
for  exploratory  resecirch  are  most  paramount.  It  also  is  felt 
that  display  device  simulation,  rather  than  operational  displays, 
should  be  seric'usly  considered  in  order  that  current  state-of-the- 
art  display  hardware  limitations  do  not  limit  the  extent  of 
exploratory  research. 

It  would  appear  most  efficient  to  employ  display  legibility 
tasks  for  investigating  solid  state  display  resolution.  Such 
tasks  could  include  alphanumeric  and  symbol  identification,  scale 
reading  and  simple  pointer  positioning  tasks.  Performance 
measures  should  include  probability  of  correct  symbol  identifi¬ 
cations,  scale  reading  error  and  pointer  positioning  error,  and 
time  required  to  read  scales  and  make  scale  settings.  Additionally, 
because  emitter  density  may  directly  influence  symbol  contrast 
and  emitted  luminance  requirements,  photometric  measures  defining 
symbol- to-display  contrast  should  be  made  for  studies  in  which 
emitter  luminance  is  a  variable. 

Table  65  presents  design  variables  and  ranges  for  each 
variable  which  at  this  time  appear  to  represent  realistic  design 
variable  conditions  for  experiments  relating  to  solid-state  display 
resolution.  As  with  such  investigations,  the  interactive  effects 
of  combinafions  of  varieibles  must  be  seriously  considered. 

Because  of  anticipated  interactive  effects,  it  is  recommended  that 
the  following  combinations  of  variables  should  be  considered: 
symbol  size,  symbol  type,  emitter  size,  emitter  spacing,  emitter 
density;  and  symbol  size,  enitter  size,  emitter  spacing,  emitter 
density,  emitter  luminance;  and  symbol  type,  symbol  size,  emitter 
shape,  emitter  density. 
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Table  65.  RecoaMendations  for  Vauriables  to  be  Researched 
in  the  Context  of  Solid  State  Display  Resolution. 


Symbol  Type 
Symbol  Size 

Emitter  Size 

Emitter  Spacing 

Emitter  Density 


rani t ter  Shape 

Emitter  Luminance 


Alphanimerics,  circles,  squares,  X's, 
crosses,  scales  and  pointers. 

0.10  inches  to  0.75  inches  for  alpha- 
numerics  and  other  symbols.  Scale 
and  pointer  dimensions  should  be 
selected  with  respect  to  emitter  size. 

A  range  of  from  5%  to  100%  of  the 
maximum  emitter  available  as  deter¬ 
mined  by  the  emitter  density  and 
emi tter  shape  being  tested. 

0.5  mils  through  40  mils,  with 
spacing  to  be  determined  in  con¬ 
junction  with  emitter  density. 

Five  emitters  per  maximum  symbol 
dimension  through  75  per  maximum 
dimension  depending  upcm  symbol 
size  and  emitted  size.  Matrix  sizes 
for  alphanumerics  should  include  3x5, 
5x7,  7x9  and  9x11.  Matrices  comprised 
of  greater  numbers  of  emitters  should 
be  considered  for  high  resolution 
displays  incorporating  larger  (e.g., 
0.50  inch)  maximum  symbol  dimensions. 

nie  reader  is  referred  to  Figure  149 
for  emitter  shapes  which  appear  to 
merit  investigajtion. 

0.1  through  1,000  Ft.  Lamberts, 
depending  upon  contrast  ratio 
requirements . 


CRT  DISPLMT  SYlCpL  BESOLOTICll  REQUIREMENTS 


Introduction 


The  literature  reviewed  yielded  little  data  on  target 
detection  as  a  function  of  the  two  priaary  factors  of  resolution 
affecting  legibility;  the  nuaber  of  active  scan  lines  per 
syabol  height  and  the  video  bandwidth.  However,  sc»e  data 
exists  on  target  identification  as  a  function  of  these  para- 
aeters.  The  perforaance  aeasures  used  in  generating  this 
identification  data  are  the  probability  of  correctly  identifying 
the  target  or  syabol  as  a  function  of  the  nuiid>er  of  active  scan 
lines  per  syabol  height  and  the  speed  of  identification  as  a 
function  of  the  nuaber  of  active  scam  lines. 

It  is  interesting  to  note  that  display  systea  resolution  is 
referred  to  or  ii^asured  by  the  nuaber  of  active  scan  lines  per 
inch  of  the  display  surface.  Displayed  syabol  (alphanuaeric  or 
geoaetric  foras)  legibility  is  noraally  aeasured  in  the  nuaber 
of  active  scan  lines  per  syabol  height.  Both  of  these  aeasures 
produce  values  that  are  dependent  upon  or,  in  turn,  influence 
the  total  nuaber  of  active  scan  lines  per  display  height.  A 
brief  exaaination  of  Table  66  reveals  that  for  any  given  display 
size  (9"  and  18*  arbitrarily  choses) ,  the  nuaber  of  active  scan 
lines  per  inch  and  the  noaber  of  active  scan  lines  per  syabol 
height  vary  significantly  as  a  fnncti<»  of  the  total  nuaber  of 
scan  lines  in  the  display.  Caution  anst  be  exercised,  therefore, 
in  the  interpretation  of  syabol  legibility  as  a  function  of  the 
nuBdier  of  active  scan  lines  per  inch  or  per  syabol  height. 


Table  66.  l^jproxiaate  Scan  Line  and  Symbol  Sizes  as  a 
Function  of  the  Total  Huaber  of  Active 
Scan  Lines  in  the  Display. 


Display 

Total  Nuaber  of  Active 

Scan  Lines 

Size 

525 

1,029 

9,000 

*Lines  per  In<d> 

9* 

58.5 

114 

1,000 

18* 

29.2 

57 

500 

•Line  Size  per 
Inches 

9* 

18* 

1/58.5 

1/2%.  2 

1/114 

1/57 

1/1000 

1/500 

•Syrbol  Size  ?  10 
Scan  Lines  per 
Symbol  Height 

9* 

18* 

5/29 

5/14.6 

5/51 

5/28.5 

1/100 

1/50 

•Approxiiaate  Values 
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A  nuBber  of  other  factors  are  concerned  «rith  sysbol  resolution 
and  .consequently  warrant  consideration.  They  are,  however,  not 
the  direcf  consequence  of  display  system  resolution  and  hence  have 
been  addressed  in  separate  sections.  These  factors  include  the 
type  and  style  of  font  used  for  alpha  numerics  (discussed  in  the 
section  addressing  alpha numerics ) ,  the  type  of  geometric  or 
pictorial  Symbol  used  (discussed  in  the  section  addressing 
symbolic  coding) ,  the  physical  construction  of  the  symbol  (visual 
angle  subtended,  stroke-width-to-height  percentage  also  discussed 
in  the  above  referenced  sections) ,  and  the  operator  task  require¬ 
ments.  This  section,  consequently,  is  limited  to  a  discussion 
of  symbol  legibility  as  a  function  of  the  number  of  active  scan 
lines  per  symbol  height  and  system  video  bandwidth. 

Other  types  of  electronically  generated  display  systems  cire 
not  addretssed  in  this  section  because  of  the  special  nature  of 
the  symbology  they  display  and/or  because  of  data  voids. 

Digitally  addressed  X-Y  dot  matrices  generally  discuss  symbol 
legibility  in  terms  of  the  total  number  of  dots  in  the  matrix 
(i.e.  5x7,  7x9)  .  Consequently ,  legibility  is  expr^'^sed  in  terms 
of  the  percentage  of  correct  responses  as  a  funct.  .  of  the 
matrix  size  or  configuration.  The  limited  data  available  on  this 
subject  are  presented  in  the  section  addressing  alphanumeric 
matrix  symbols .  Line  written  displays  (caliogr^hic)  ,  on  the 
other  hand,  have  resolution  and  legibility  parameters  unique  to 
that  type  of  display.  In  a  line  written  display,  the  problem  is 
not  how  small  the  basic  rfssolution  unit  (emitter  size  or  spot  size 
for  exangile)  must  be,  but  how  large  (wide)  the  lines  must  be  to 
be  legible.  Carel  (Ref.  58)  concludes  that  caliographic  resolution 
currently  presents  little  problem  as  long  as  the  lines  displayed 
(or  symbols)  are  sufficiently  large  to  be  seen,  but  not  so  large 
as  to  obscure  other  figures  and  symbols  on  the  display.  The 
literature  reveals  a  lack  of  pertinent  data  dealing  with  line 
written  symbol  legibility.  Finally,  solid-state  symbol  legibility 
is  not  considered  due  to  the  data  void  existing  in  this  area. 

The  following  discussion  considers  -symbol  resolution  in  terms 

of: 

1.  Number  of  active  scan  lines  per  symbol  height 

2.  Quality  of  the  equipment  used  (525  line  displays, 

1,029  line  displays) 

3.  Video  bandwidth  used  in  the  system 

,  The  resolution  required  for  a  symbol  identification  task 
varies  significantly  with  the  type  of  symbol  used.  Several  of 
the  studies  reviewed  have  used  a  ,)hanumeric  symbols,  and  a 
cun^arison  across  studies  indicate  that  resolution  requirements 
are  less  for  these  types  of  symbols  than  for  more  real  world 
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syabols  (geoaetric  or  pictorial  syabols) .  Additionally,  the 
studies  reviewed  are  relatively  consistent  in  their  findings 
that  a  vertical  resolution  of  between  10  and  12  lines  per  syntel 
height  will  optimize  the  correct  identification  of  alphanumeric 
symbols.  Similar  agreement  is  reported  for  geometric  and 
pictorial  symbols,  with  a  minimal  of  14  raster  scan  lines 
required  per  symbol  height  (on  a  2  megacycle  or  higher  band¬ 
width)  for  correct  identification,  fliese  results  were,  however, 
derived  from  studies  conducted  under  laboratory  conditions  with 
no  visual  or  resolution  degrading  factors  present.  Use  of  the 
data  presented  below,  therefore,  is  contingent  iqpon  the  follow¬ 
ing  conditions:  ' " 

1.  Display  and  symbol  luminance  and  contrast  are  more 
than  adequate  for  legibility  (see  sections  on 
brightness  and  contrast) 

2.  No  d^play  signal  noise  was  present 

3.  Subjects  are  familiar  with  the  symbols  used 

4.  All  symbols  are  sufficiently  large  to  avoid 
problems  associated  with  visual  threshold 
(see  section  on  acuity) . 

lanes  per  Symbol  Height — ^Alphanumerics 

Using  a  standard  525  line  Fairchild  Model  TC-lOO  Camera  and 
a  Miratel  14  inch  Video  Monitor,  Shurtleff  and  Owen  (Ref.  306) 
performed  a  study  on  the  legibility  of  capital  letters  and 
numerals  «rith  vertical  resolutions  of  6,  8,  10,  and  12  active 
scan  .1  ines  per  symbol  height.  For  a  co^lete  description  of  the 
experimraital  variables  see  Table  67.  An  examination  of  Table  68 
indicates  for  the  resolutions  tested  that  legibility  varies  with 
the  performance  measure  considered.  Figures  151,  152,  153  and 
154  gr^hically  displaqr  these  relationships.  The  data  indicate 
for  the  subjects  receiving  a  small  amount  of  practice  (Part  I)  , 
if  identificati<xi  time  was  the  important  consideration,  then  12 
active  lines  per  symbol  height  should  be  used;  if  accuracy  of 
identification  was  the  primary  consideration,  then  10  lines  per 
symbol  height  would  be  adequate.  When  subjects  received 
additional  practice  (Part  II)  and  identification  times  alone 
were  considered,  10  lines  per  symbol  height  were  sufficient;  if 
accuracy  of  identification  was  the  important  factor,  then  eis  few 
as  8  lines  per  symbol  height  was  adequate.  Shurtleff  and  Owen 
concluded  that  a  minimum  of  10  lines  per  symbol  height  would  be 
sufficient  for  systems  applications  and  this  is  ccmsistent  with 
their  findings. 
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Table  67.  Experiaental  Ccmditlona  for  Shurtleff  and  Owen  Study 
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Moan  Tima  in  Sacondi 


1.2 


Active  Lines  per  Symbol  Height 


Figure  154.  Identification  Errors  eis  a  Function  of  ^ 
Resolution  for  the  Additional  Practice  Group,  Part  II . 
(Adapted  from  Ref.  306) 


Elias,  Sandowsky  and  Rizy  (Ref.  114)  investigated  the 
accuracy  of  identification  for  9  values  of  symbol  resolution 
using  a  General  Precision  Laboratory  Model  601  High  Resolution 
TV  with  a  21  inch  Conrac  Model  CQC  Monitor.  Tcible  69  presents 
the  experimental  variables  for  this  study.  Varying  the  number 
of  active  scan  lines  per  symbol  height  from  3  to  11,  these 
researchers  found  that  accuracy  of  identification  fell  off 
significantly  at  resolutions  below  5  or  6  lines  per  symbol 
height" (see  Figure  155) .  The  major  reduction  in  accuracy 
occurred  when  the  symbol  resolution  was  reduced  from\5  to  4  lines 
'  per  symbol  height.  Shurtleff  (Ref.  304)  comments  th^t  although 
\  these  results  appear  to  conflict  with  his  (Shurtleff,  \  Ref .  306), 

\  it  is  possible  that  the  differences  are  due  to  the  quality  of 
^  the  interlace  which  led  to  associated  differences  in  the 
,  definition  of  a  scan  line.  Shurtleff  further  states  that  the 
1  5  lines  used  by  Elias  are  roughly  comparable  to  the  10  lines 
iused  in  his  own  research  and  this  would,  therefore,  approximately 
;equate  the  results  for  both  studies. 

The  following  year  Elias  (Ref.  113)  again  studied  vertical 
^resolution  using  a  General  Precision  Laboratories  Model  601 
high  Resolution  T.V.  Camera  and  a  21  inch  Conrac  Model  C(}C 
Monitor  with  ;a  20  me  bandwidth  and  a  2:1  interlace  utilizing  875 
^can  lines.  For  a  complete  description  of  the  experimental 
variables  see'  Table  70.  Elias  found  that  for  vertical  resolutions 
o^  5  through  jll  active  scan  lines  per  symbol  height,  performance 
ah  measured  b^  speed  of  identification  (errur  scores  were 
negligible)  significantly  decreascjd  with  each  increase  in  vertical 
resolution  (see  Figure  156).  He  further  compared  the  CRT  alpha- 
,  nuherics  wi^  non*'televised  printed  alphanumerics  under  similar 
/  conditions  and.'  discovered  as  an  examination  of  Figure  156 
indicates,  that  performance  at  even  the  finest  level  of  CRT 
res^olution  did  not  equal  the  performance  obtained  for  the  solid 
sym^ls.  This  author  concluded  that  11  active  scan  lines  per 
symbol  height  approaches  an  optimal  level  of  resoJution. 

\ 

I 

hell  (Ref."  25)  ccMupared  Long  Gothic  with  Murray  alpha- 
numerics  at  12,;  10,  8,  and  6  active  scan  lines  per  symbol  height. 
See  Table  71  for  the  experimental  details  of  this  study.  Mean 
response  times  (see  Table  72)  indicate  that  performance 
systematically  improved  from  6  through  12  active  scan  lines  for 
both  fonts.  This  is  consistent  with  the  findings  of  previously 
cited  Elids  (Rel(.  113)  study.  For  accuracy  of  identification 
(see  Table  73) ,  {however,  only  small  differences  in  error  scores 
were  established;  between  the  10  and  12  line  conditions.  Error 
scores  substantially  increased  from  the  10  to  the  8  and  6  active 
scan  line  conditions. 

The  ab<ive  analysis  is  presented  as  trend  information  since 
a  statistical  analysis  was  not  feasible  due  to  the  limited  number 
of  subjects  used  and  a  large  intra-subject  variance. 
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4  ■  ! 

Scan  Lines 

I 

r 

:Figure  155.  Mean  Percent  Correct  Syabol  Identification, 
Averaged  Over  all  36  Symbols,  for  Group  2  (Viewed  Slides 
in  Increasing  Order  of  Difficulty)  at  Each  the  9  Levels 
of  Symbol  Resolution.  (Adapted  frcm  Ref.  114) 


.90 


Scan  Lines 


Figure  156.  Mean  Correct  Response  Time  for  the  Average 
Televised  Symbol  at  Each  Level  of  Resolution  and  for  the 
Solid-Symbol  Condition.  (Adapted  from  Ref.  113) 
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Table  69.  Experimental  Conditions  for  the 
Elifus,  Sandowsky  and  Rizy  Study. 


EXPERIMENTAL 

CONDITIONS 

Number  o£  Subjects: 

Horizontal  Spacing: 

10 

visual  Characteristics 
of  Subjects: 

Uncorrected  and 
corrected  20/20 
near  and  far  vision 

\ 

Symbol-Background  Relation: 
Light/Dark 

Symbol  Brightness: 

1 

7.3  Ft.  Landierts 

\ 

Background  Brightness: 

S 


Viewing  Angle: 
Zero  degrees 


Table  71.  Experimental  Conditions  for  tbe  Bell  Study. 


EXPERIMENTAL  CCNDITICNS 


Number  of  SnbjectsT 


Horizontal  Spacing: 


3 

visual  Characteristics 
of  Subjects: 


Narmal  on  a  Bauscdi 
aiid  Lamb  Orthorater. 


Not  relevant. 

Symbol -Background  Relation: 
Light/Oark 

Symbol  Brightness ; 

60  Ft.  Lamberts 

Background  Brightness: 


3  Ft.  laoberts 


Number  of  Symbols: 

24  letters  (No  J  or  O) 

10  numbers 

Brightness  Contrast: 

1900  Percent 

Symbol  Exposure  Time: 

Latency  to  identification. 

Ambient  Illumination: 

Not  specified. 

Symbol  Font  or  Style: 

Long  Gothic  vs.  Murray 

Symbol  Width/Beight : 


Symbol  Stroke  Width/Height: 

/ 


Symbol  Visual  Size: 

'  ,16  ij^ates  of  arc 

Viewing  Distance: 

Varied  to  maintain 
visual  size. 

Viewing  Angle: 

Zero  degrees 


1 
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Table  72.  Mean  Response  Tiaes  (in  seconds)  for 
190  Symbols  Shoim  at  Four  Television  Resolutions 
to  Three  Subjects.  (Adapted  froai  Ref.  113) 


Long  Gothj^c  Font 
TV  Resolution 

(Nusber  of  Active  Lines  Per  Synbol  Height) 


\ 


Subjects 

6 

8 

10 

12 

^1 

3.70 

1.19 

0.79 

• 

0.59 

1.70 

1.37 

0.85 

0.54 

^3 

1.89 

0.96 

0.76 

0.63 

Mean 

2.42 

1.17 

.80 

.59 

r 


Murray  Gothic 
TV  Resolution 

(Suaber  of  Active  Lines  Per  Syabol  Height) 


Subj^ts 


10 


12 


’2  . 


3.21 


2.19 


l.*A 


1.15 


0.69 

0.70 

0.61 


0.57 
0.46 
0 


1.82 


0.93 


.61 


.56 


Table  73.  Number  of  Errors  Tor  190  Symbols  Shown  at 
Four  Television  Resolutions  to  Three  Subjects. 
(Adapted  from  Ref.  113) 


Long  Gothic  Font 
TV  Resolution 


(Number  of  Active  Lines  Per  Symbol  Height) 


Subjects 

6 

8 

10 

12 

^1 

95 

21 

13 

4 

^2 

115 

20 

2 

6 

^3 

41 

8 

4 

2 

Mean  '  83.7  16.3  6.3  4.0 


Murray  Font 
TV  Resolution 

(Number  of  Active  Lines  Per  Symbol  Height) 


Subjects 

6 

8 

10 

12 

^1 

115 

29 

3 

4 

^2 

132 

19 

3 

2 

^3 

52 

8 

2 

Shnrtleff,  Harsetta  and  Shouun  (Bef.  305)  studied  CUT 
resolution  at  10,  8  and  6  active  scan  lines  per  synbol  height 
for  two  fonts.  See  Table  74  for  study  details.  These  researchers 
found  that  for  accuracy  of  identification,  6  active  lines  per 
sysbol  height  was  significantly  (.01  level  of  confidence)  poorer 
in  perforaance  than  both  the  8  and  10  line  conditions,  but  that 
8  and  10  lines  did  not  differ  significantly  frca  c^ach  other 
(see  Table  75)  .  Rate  of  syabol  identification  was  not  signifi¬ 
cantly  different  for  any  of  the  resolutions  tested  (see  Table 
76)  . 


Siaulated  CRT  studies  of  sjfwbol  resolution  have  obtained 
results  siailar  to  live  television  studies.  Botha  and  Shurtleff 
(Ref.  36)  studied  idealized  televisicm  line  constructions  by 
siq>erijiif>osing  photographic  grids  aade  up  of  alternately  trans¬ 
parent  and  opaque  lines  on  solid-stroke  syabols.  While  the 
exposure  used  in  this  test  were  extreaely  short  for 

systeas  application,  the  studies  indicated  that  the  ainimally 
acceptable  sypbol  resolution  was  between  5  and  11  lines  per 
syabol  height. 

Conclusion 

It  is  the  general '  conclusion  of  this  section  that  CRT  alpha- 
niaierics  require  a  ainiana  resolution  of  10  active  scan  lines 
per  syabol  height.  Any  systea  requiring  fewer  acticn  lines 
should  be  eapirically  tested  to  verify  that  legibility 
perforaance  will  not  be  negatively  affected. 


Geoaetrical  and  Pictorial  Syabols 

The  identification  of  geoaetric  or 'pictorial  syabols  on  a 
CRT  type  displ^  presents  aore  stringent  resolution  requireaents 
than  are  found  with  the  different  alphanuaeric  syabols  or  words. 
Additionally,  resolution  requireaents  for  geoaetric  syabols 
increase  as  a  function  of  the  detail  of  the  syabol,  increasing 
exponentially  with  ccaqilex  figures  (i.e.,the  identification  of 
different  aircraft  by  thdir  shapes) .  Military  type  targets 
viewed  against  natural  liackgroands  (as  opposed  to  a  'clear*  or 
unnatural  background)  require  even  aore  resolution  to  optimize 
identification.  Unfortunately,  little  in  the  way  of  experi- 
aental  work  has  been  done  in  this  area. 

Erickson  and  Main  (Ref.  117)  conducted  one  of  the  few 
studies  in  this  area  and  examined  the  pr<d>ability  of  correctly 
identifying  televised  military-  type  targets  as  a  function  of 
the  ^number  of  raster  lines  (and/or  the  minimum  visual  angle 
subtended) .  The  targets  were  televised  photographs  of  radar 
vans,  artillery  pieces,  jeeps,  truc)(s,  tanks  and  troop  carriers. 
Background  foliage  was  present  in  all  of  the  photographs.  Eight 
subjects  viewed  the  ten  inch,  525  line  raster  scanned  CRT  tube 
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Table  74.  Eiqierlaental  Conditions  for  the 
Short leff,  Maraetta  and  Showaan  Stud/. 


EXPERIMENTAL  CONOITICNS 

Muaber  of  Subjects: 

24 

Horizontal  Spacing: 

25  percent 

Visual  characteristics 
of  Subjects: 

20/20  near  and 
far  acuity;  noraal 
phoria  and  color. 

Symbol-Background  Relation: 

Light/Dark 

Symbol  Brightness: 

20  Ft.  Lamberts 

Background  Brightness: 

2  Ft.  Lamberts 

Nuaber  of  Sysijols: 

26  letters 

10  nuabers 

Brightness  Contrast: 

900  percent 

Symbol  Exposure  Tisie: 

Response  tiiae  to 
identification. 

Ambient  Illumination: 

6  to  8  Ft.  Candles 

Symbol  Font  or  Style: 

Standard  Leroy  vs. 

Revised  Leroy. 

Symbol  Visual  Size: 

Varied  with  viewing 
distance. 

^yabol  Width/Beight: 

75  percent 

Viewing  Distance: 

Variable 

Symbol  Stroke  Width/Height: 

17  percent  \ 

viewing  Angle: 

Zero  degrees 
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Table  75.  Visual  Angles  of  Subtense  Required  for  85  and 
99  Percent  Accuracy  of  Identification. 

(Adapted  frcai  Ref.  305) 


Resolution  in  Leroy  SyadMsls 

Lines  Per 

Symbol  Height  Standard  Revised 


Identification 

Accuracy 

(Percent) 

Identif ica t ion 

Accuracy 

(Percent) 

85X 

(Minutes 
of  Arc) 

99% 

(Minutes 
of  Arc) 

85S 

(Minutes 
of  Arc)  . 

99X 

(Minutes 
of  Arc) 

10 

7.58 

13.15 

7.59 

13.37 

8 

7.57 

12.82 

7.70 

15.09 

6 

10.35 

35.97 

11.01 

30.08 

Table  76.  Identification  Rates  for  the  85  and  99 
Percent  Accuracy  of  Identification. 
(Adapted  from  Ref.  305) 


Resolution  in 
Lines  Per 
Symbol  Height 


Leroy  Symbols 


Standard 


Revised 


Identification 

Accuracy 

(Percent) 

Identif icat ion 

Accuracy 

(Percent) 

85S 

(Symbols/ 

Sec.) 

99X 

(Symbols/ 

Sec.) 

85S 

:  (Symbols/ 
Sec.) 

99X 

(Symbols/ 

Sec.) 

10 

1.16 

2.00 

1.25 

1.89 

8 

0.74 

1.22 

1.25 

1.54 

6 

1.33 

2.04 

1.16 

1.85 
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at  a  distance  of  24  inches.  Contrast  was  reported  as  'adequate'; 
other  liminance  data  were  not  reported.  Results  of  this  study 
are  suamarized  in  Figure  157. 

As  was  found  in  the  studies  on  alphanumer ics ,  the  probability 
of  detection  increases  significantly  when  the  number  of  raster 
lines  is  increased  from  5  to  6  lines  per  symbol  height  with 
no  significant  increase  thereafter.  For  identification,  however, 
a  more  consistent  increase  is  found  as  the  number  of  lines  per 
symbol  height  Is  increased  from  5  to  17  lines.  The  extrapolation 
(by  Seaq>le  and  Gainer,  Ref.  294)  indicates  that  this  same  slope 
continues  iq)  to  lOOX  probability  of  identification.  Semple  and 
Gainer  suggest  that,  up  to  25  lines  per  symbol  height 
may  be  required  to  optimize  identification  performance.  Further 
research  is  recommended  for  the  higher  resolution  values  as  a 
number  of  other  parameters  (effects  of  symbol  width  to  height  on 
recognition,  strokewidth  to  height  -  if  applicable,  increasing 
symbol  area)  are  not  accounted  for  in  the  study  examined  here. 

Seaq>le  and  Gainer  (Ref.  294)  report  the  results  of  a  study 
conducted  by  Marsetta  and  Shurtleff  (Ref.  390)  ffhich  studied 
the  probability  of  correctly  identifying  military  map  symbols 
against  a  natural  background.  A  945  line  display  screen  was  used 
in  this  study,  with  the  number  of  raster  lines  being  varied  by 
changing  the  symbol  height. 

The  results  of  the  study  are  presented  in  Figure  158.  It  is 
observed  that  a  rapid  increase  in  the  probability  of  correct 
identification  occurs  between  9  and  14  lines  per  symbol  height 
cuid  that  an  insignificant  incrcsase  results  thereafter.  Although 
this  appears  to  be  contradictory  to  the  results  found  by  Erickson 
and  Main  (Ref.  117),  these  differences  may  possibly  be  accounted 
for  by  differences  in  methodology,  symbology  type,  clutter  and 
equipment  used. 

Johnson  (Kef.  184)  conducted  a  study  to  determine  the  effects 
of  horizontal  resolution  and  shades  of  gray  on  target  recognition. 
Twelve  visually  screened  subjects  viewed  a  Conroe  Model  CNB8  TV 
Monitor  with  a  10  megacycle  bandwidth  used  as  a  simulated  cockpit 
display  from  a  fixed  distance  (head  in  chin-rest)  of  24  inches. 

Three  resolution  levels  were  uscid  (200,  400,  and  550  lines  per 
display  height)  together  with  three  shades  of  gray  (5,  7,  and  9)  . 
Terrain  and  display  luminance  levels  were  maintained  at  100  ft  L  « 
with  a  white  frame  constructed  around  the  display  tube  to  provide 
the  12  coordinate  cells  for  the  observer.  The  movable  terrain 
model  was  adjustable  to  simulate  a  30  degree  dive  angle  from 
6,000,  9,000,  12,000  feet  with  a  maximum  terrain  exposure 

time  of  10  seconds.  The  target  models  (750:1  scale)  were  scale 
models  of  three  military  vehicles  (2-1/2  ton  truck,  5  ton  cargo 
truck,  and  a  tank  with  a  90  mm  gun  mounted  on  it)  and  the 
calculated  angular  subtense  of  the  length  and  height  of  the 
targets  at  6,000,  9,000  and  12,000  feet,  and  15,000  feet  were 
20  X  13,  13  X  9,  10  X  7,  and  8x5  minutes  of  arc  respectively. 
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Figure  157.  Probability  of  Detection  and  Recognition  aa  a  Function  of  Number 
of  Active  Scan  Lines.  (After  Erickson  and  Maln>  Raf.  117) 


100 


The  observers  task  was  to  find  the  target  (at  which  time  he 
released  a  thumb  button  to  stop  the  timer)  and  then  to  specify 
the  location  of  the  target  using  the  grid  coordinates. 

The  results  of  the  study  are  summarized  in  Figure  159a  and 
Figure  159b.  Johnson  concluded  that  the  horizontal  resolution 
had  a  highly  significant  overall  effect  on  target  recognition. 
Reliable  differences  were  found  between  200  and  400  TV  lines  at 
12,000  cuid  15,000  feet  and  between  200  and  550  TV  lines  at  every 
altitude.  An  apparent  inverse  relationship  was  found  between 
target  recognition  time  and  horizontal  resolution  (and  shades  of 
gray) .  Because  target  size  and  niimber  of  scan  lines  through  the 
target  have  a  linear  relationship  with  slant  range,  these  two 
factors  may  largely  account  for  the  reliable  effect  of  slant 
range  on  target  detection. 

Hemingway  and  Erickson  (Ref.  163)  conducted  an  experiment 
to  clarify  the  relative  effects  of  image  size  and  the  number  of 
raster  lines  per  image  upon  observer  performance.  Eight  visually 
screened  subjects  viewed  an  eight  inch  Conroe' Model  RNC9-A  with 
525  active  scan  lines,  2:1  positive  interlace  and  a  10  megacycle 
bandwidth,  sixteen  symbols  (frcmi  the  20  recommended  by  Bowen, 
Andressi,  Traux,  and  Orlcinskl,  Ref.  38)  were  used  in  the  test 
(Figure  160) .  Each  test  chart  contained  25  symbols  (one  each  of 
the  original  16  and  9  randomly  chosen  from  the  16)  randomly 
located,  but  with  constant  orientation.  The  symbol  images  on  the 
monitor  were  made  up  of  4.8,  6.3,  7.8,  13.5,  15.5,  and  25.6  ' 

raster  lines  per  symbol  height  while  the  angular  subtense  of  each 
symbol  was  varied  from  4.4',  6.0',  to  10.2'  of  arc  (by  varying 
the  observer-to-monitor  viewing  distance) .  The  observer  task 
consisted  of  verbal  identification  of  each  of  the  25  symbols  on 
the  card,  but  only  the  first  identification  of  each  type  of 
symbol  was  counted. 

The  mean  scores  as  a  function  of  the  symbol  angular  subtense 
and  the  number  of  active  scan  lines  per  symbol  height  are 
presented  in  Figure  161a  and  Figure  161b  respectively.  It  is 
observed  from  these  figures  that  at  all  angular  subtenses  and  at 
values  above  7.8  lines  per  symbol,  performance  improved  as  the 
number  of  lines  per  symbol  increased.  (Below  7.8  14.nes  per 
symbol,  performance  appeared  to  be  random).  The  data  in 
Figure  161b  indicates  that  performance  does  not-  improve  as  the 
angular  subtense  of  the  symbol  increases  when  there  are  only  4.8 
or  6.3  scan  lines  per  symbol.  However,  there  is  a  definite 
improvement  with  increased  angular  size  of  symbols  made  up  of 
7.8  scan  lines  or  more  per  symbol. 

Hemingway  and  Erickson  (Ref.  163)  discuss  the  results  of  an 
earlier  experiment  conducted  by  Baker  and  Nicholson  (Ref.  14)  in 
which  a  flying  spot  scanner  was  used  to  generate  raster  lines 
making  up  alphanumeric  symbols  (total  of  20  used)  consisting  of 
8,  10,  12,  16,  and  20  active  scan  lines  per  inch  of  display. 
Resolution,  size,  height-to-width  ratio,  symbol  orientation  and 


370 


Horizontal  Resolution: 


6  9  12  15  18 


Slant  Range  (30®  dive  -  10^  ft.) 

Figure  159a.  Target  Recognition  Time  as  a  Function  of 
Horizontal  Resolution^ (Johnson,  Ref.  184) 


c 

o 


200  400  550 


Horizontal  Resolution  (TV  Active  Scan  Lines) 

»  J 

Figure  159b.  Probability  of  Correct  Recognition  as  a  Function 
of  Horizontal  Resolution.  (Adapted  from  Johnson,  Ref.  184) 
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•-'lewir.g  distance  were  ccr.trciled  variables.  Three  s^.nih-cl  .'•.eicr.ts 
■  ere  used  (0.353,  0.418,  and  0.448  inch  which  is  e<riivaler.t  tc 
10’,  15'  and  20'  of  arc).  Results  of  the  Eater  and  hichclscn 
stiidy  indicated  that  identification  of  the  s^nbcis  deteriorated 
rapidly  below  15  minutes  of  arc  at  the  higher  resolutions  ■■'-5 
and  20  lines  per  inch) .  At  eight  lines  per  inch,  the  deterio¬ 
ration  began  at  20  minutes  of  arc.  Better  performance  was 
obtained  at  16  lines  j>er  inch  than  at  8,  10  or  12  lines  at  all 
angular  subter.ses. 

Only  three  studies  have  been  four^  in  the  literature  that 
have  separated  the  main  effects  of  visual  subtense  and  the 
nur±>er  of  active  scan  lines  (Shurtleff  et  al..  Ref.  3C5;  Baher 
and  Nicholson,  Ref.  14;  and  Heningway  and  Erickson,  ?.ef .  163)  . 

Of  these  three,  only  the  study  by  Baker  ar^d  Kicholson  and  the 
study  by  Hemingway  and  Erickson  eire  similar  enough  in  methcdolog-/ 
and  objectives  to  be  cocparable.  Even  these  two  studies  have  a 
number  of  differences  tnat  need  to  be  accounted  for,  but  the  data 
from  these  studies  are  sufficiently  in  agreement  tc  allow  the 
prediction  of  several  interesting  trends.  Seme  of  the  differences 
were: 


1.  Baker  and  Nicholson  used  20  alphanumeric  siT^bols 
randocly  oriented  on  the  display,  while  Hemingway  and  Erickson 
used  16  geometric  forms  with  a  constant  orientation  (the 
alphanunerics  had  reduced  probability  of  being  correct  by 
chance) . 

2.  The  performance  level  obtained  in  the  Baker  and 
Nicholson  study  was  not  as  high  as  the  performcince  obtained  in 
the  Hemingway  and  Erickson  study. 

Figure  162  is  a  replot  of  the  data  from  the  above  twe  studies 
with  the  three  symbol  heights  used  by  Baker  and  Nicholson  (0.353, 
0.418,  and  0.448  inch  having  been  assumed  to  have  a  mean  height 
of  0.4  inch  (10  minutes  of  arc).  It  is  observed  that  the  data 
are  in  relatively  close  agreement. 

Hemingway  and  Erickson  (Ref.  163)  compared  the  data  from 
the  study  by  Shurtleff  et  al.  (Ref.  305)  arj3  from  Baker  and 
Nicholson  (Ref.  14)  at  various  levels  of  subject  error.  The 
data  tised  were  taken  from  Figure  5  in  the  Baker  and  Nicholson 
study  and  frem  Figure  2  in  Shurtleff 's  report.  The  replctted 
combined  data  are  presented  in  Figure  163  a,  b,  c,  and  d.  It  is 
interesting  to  observe  that  the  figures  suggest  a  tradeoff 
between  lines  per  symbol  height  and  the  visual  angle  subtended 
by  the  syE±)ols.  It  appears  that  as  the  number  of  lines  per 
symbol  height  decreases,  the  sane  or  equivalent  performance 
level  may  be  maintained  by  increasing  the  angular  subtense  of 
the  symbol.  This  tradeoff  holds  for  symbols  wit3i  visual  angles 
between  7.8  to  16  minutes  of  arc.  There  appears  to  be  a 
asymptote  at  or  about  16  minutes  of  arc.  Apparently, 
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Lines  Per  Symbol  Height 

Fig'-re  162.  Comparison  of  Smoothed  Data  from  Baker  and 
Nicholson  (Ref.  lU)  and  Heningway  and  Erickson  (Ref.  163), 

(Adapted  from  Ref.  163) 


further  decreases  in  the  number  of  active  scan  lines  cannot  be 
balanced  by  increases  in  angular  subtenses  above  16  minutes  of 
arc. 

Conclusions 


The  literature  indicates  that,  in  general,  geometrical  or 
pictorial  symbols  require  33X  to  lOOX  more  resolution  (number  of 
active  scan  lines  per  symbol  height)  than  do  alphanumeric  symbols 
on  the  same  display  for  100*  correct  identification.  However, 
some  tradeoff  is  possible  between  the  number  of  active  scan 
lines  and  the  visual  angle  subtended  by  the  symbol.  In  general: 

1.  A  minimum  of  16  lines  per  symbol  height  is  required 
for  90*  plus  probability  of  correct  identification. 

2.  Performance  level  improves  as  the  number  of  scan 
lines  per  symbol  height  is  increased  (but  this 
factor  is  interactive  with  the  angular  subtense 
of  the  symbol) . 

3.  Performance  improves  as  the  angular  subtense  of 

tne  symbol  is  increased  (up  to  an  apparent  asymptote 
at  the  16  minutes  of  arc)  . 
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02468  1012141618  20  0  2  4  6  S  1012  141618  20 


Angular  Subtense  (Min.  of  Arc)  Angular  Subtense  (Min.  of  Arc) 


a.  Requirements  for  80X 
Correct  Response 


b.  Requirements  for  90JC 
Correct  Response 


Angular  Subtense  (Min.  of  Arc)  Angular  Subtense  (Min.  of  Arc) 


c.  Requirements  for  95* 
Correct  Response 


d.  Requirements  for  80,  90,  and 
95*  Levels  of  Correct  Response 


Figure  163. 
Requirements 
Responses . 


The  Number  of  Scan  Lines  and  the  Angular  Subtense 
for  80*  (a)  ,  90*  (b)  and  95*  (c)  Levels  of  Correct 
(Adapted  from  H^ingway  and  EricJcson,  Ref.  163) 
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Tor  ra-roets  wit^h  visual  angles  between  8  minutes  and 
16  rir.utes,  the  same  performance  level  nay  be  maintained 
as  the  number  of  scan  lines  is  decreased  by  increasing 
the  visual  angle  of  the  symbol  (up  an  asymptote  at 
16  minutes) .  Above  16  minutes,  this  inverse  relation¬ 
ship  dees  not  appear  to  hold. 

QUALITY  OF  EgCIP?gNT 


Quality  of  equipment  refers  to  conparisor^  between  525  and 
5-i5  line  raster  T’/  systems.  When  the  number  of  active  scan  lines 
per  s’j’mbol  height  and  the  visual  angle  of  subtense  for  given 
Sitrbolcgy  cire  held  constant,  then  the  remaining  equipment  factors 
(including  bandwidth,  beam,  focusing,  etc.)  influencing  sittbol 
legibility  are  loosely  grouped  and  called  "quality"  features  of 
the  two  raster  TV  systepis. 

Shurtleff  and  Owen  (Ref.  307)  examined  the  legibility  of 
alphanumerics  displayed  on  two  television  systems  incorporating 
different  raster  resolutions.  The  two  televisions  cewapared  were 
fundamentally  525  and  945  line  raster  systems.  For  a  laore 
detailed  description  of  these  see  Table  77.  Alphanumerics  were 
viewed  at  individual  resolutions  of  6,  8,  10  and  12  active  scan 
lines  per  symbol  height  for  each  of  the  TV  systems.  The 
experimental  conditions  surrounding  this  comparison  are  presented 
in  Table  78. 

For  speed  of  symbol  identification  no  significcint  difference 
was  found  between  either  the  525  or  945  line  television  system 
at  any  of  the  individual  resolutions  tested  (see  Figure  164) . 

For  accuracy  of  identification,  the  12,  10,  and  8  line  resolutions 
were  similar  for  both  the  525  and  945  line  systems,  but  the  6 
lines  per  symbol  height  was  significantly  poorer  for  the  525 
line  system  (see  Figure  165).  Error  rates,  however,  were 
unacceptable  for  systems  usage  for  both  the  525  and  945  line 
systems  at  the  6  line  per  symbol  height  resolution.  Both  TV 
systems  required  a  minimum  of  10  active  scam  lines  per  syisbol 
height  before  error  rates  dropped  to  an  acceptable  usage  level. 
Because  no  significamt  difference  existed  for  either  the  525  or 
945  line  system  at  the  usable  10  or  12  line  resolutions,  it 
would  seem  that  for  systems  application  t^ere  is  no  apparent 
advantage  in  using  the  higher  resolution  system. 

Conclusion 

Research  findings  indicate  there  is  no  apparent  alpha¬ 
numeric  legibility  difference  in  the  use  of  either  the  525  or 
5 5- line  raster  T.’  for  usage. 
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Table  77.  Specifications  for  525  and  945  line  Raster 
Television  Systeins.  (Adapted  fron  Ref.  307) 


Specification  525  line  945  line 

Input  Power  50/60  Cycles,  95-125  115  vac.,  50-60  cps , , 

vac.,  0.5  ainp.,  45  control  voltage 
watts 

Horizontal  frequency  Horizontal  frequency 
15750  HZ;  crystal  28,350  HZ;  vertical 

controlled;  vertical  frequency,  60  HZ. 

30  HZ;  2:1  interlace  30  HZ;  2:1  interlace 

Resolution  Horizontal,  400  1,000  lines  (center)  at 

lines;  vertical  300  675,  875  and  945  lines/ 

lines,  apparent  frame,  vertical  600 

lines 

Bandwidth  Nominal,  5Mc  17Mc  +1.0  db 

Output  Composite  video,  1.5  Video,  1.0  v.  non- 

V.  into  75  ohm  line;  ccmposite,  1.4  v.; 

RF:100  mv.;  channels  composite  impedance, 

2-6  into  75  ohm  75  ohms,  2  outputs 

line. 

Operating  Control  Beam,  target.  Beam  target,  pedestal, 

electrical  and  gain  electrical  and 

optical  focusing,  optical,  focusing, 

aperture  control  aperture  control 


Scanning 


Frame  Rate 


Table  78.  Experiaental  Conditions  for  the 
Shuxtleff  and  Owen  Study. 


EXPERIMENTAL  CONDITIONS 

Horizontal  Spacing: 

Not  relevant 

visual  Charactetistics 
of  Subjects: 

Normal  Vision 

Bausch  and  Lamb 

Orthorater 

Syrbol-Backgrcund  Relation: 

Light/Dark 

Symbol  Brightness; 

20  Ft.  Lamberts 

t 

Background  Brightness: 

2  Ft.  Lamberts 

Number  of  Symbols: 

26  letters 

10  nuiiier2Lls 

Brightness  Contrast: 

900  percent 

Symbol  Exposure  Time: 

Response  time  to 
identification. 

Ambient  Illumination: 

Not  given. 

4 

Symbol  Font  or  Style: 

Leroy 

Symbol  Visual  Size: 

11  minutes  of  arc 

Viewing  Distance: 

Varied  to  maintain  synbol 
size. 

Symbol  Stroke  Width/Height: 

17  percent 

Viewing  Angle: 

Zero  degrees 
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ntification  Time  (BccontiH) 


Active  Lines  Per  Symbol  Height 


Figure  Average  Symbol  Identification  Times 

(Adapted  frem  Ref.  307) 


Active  Lines  Per  Symbol  Height 


f'igure  165.  Average  Error  Percentage 
(Adapted  frem  Ref.  307) 
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VIDEO  BAM5WTDTH 


Few  data  are  available  showing  the  relationship  between 
video  bandwidth  and  the  resolution  (legibility)  of  symbology. 
Shurtleff  (Ref.  304)  reports  the  findings  of  an  unpublished 
study  by  Seibert  in  which  ninety  subjects  viewed  alphanumerics 
on  TV  monitors  from  a  variety  of  positions  and  with  five  band- 
widths:  4.0  me,  2.0  me,  1.5  me,  and  750  kc.  The  results 

indicated  a  complex  relationship  between  bandwidth,  vertical 
symbol  resolution  eind  visual  2uigle  of  the  symbol.  Generally, 
there  Weis  little  difference  between  4  and  2  me  at  any  value  of 
symbol  resolution.  Decreasing  the  beuidwidth  below  2  me, 
however,  progressively  decreased  identification  accuracy.  The 
average  overall  performance  is  shewn  in  Table  79. 

The  data  failed  to  show  if  symbol  identification  accuracy 
is  affected  by  video  bandwidths  above  4  me.  Many  of  the  "high- 
resolution"  displays  have  bandwidths  as  high  as  20  me.  They  do 
indicate  that  for  practical  operations,  bandwidths  below  2  me 
should  not  be  used,  but  even  this  value  should  be  accepted  with 
caution,  for  few  of  the  experimental  conditions  (such  as  the 
Veirious  brightness  levels)  were  specified  for  this  study. 
Additionally,  Shurtleff  indicated  that  the  subjects  were  not 
visually  screened  for  the  exx>eriment. 

Shanahan  (Ref.  300)  conducted  a  study  to  examine  the  effects 
of  bandwidth  reduction  on  the  correct  identification  of  acuity 
targets.  Thirteen-sixteenth  inch  Landolt  rings  were  mounted  on 
a  4  X  8  foot  aerial  photograph  (taken  at  35,000  ft.)  and  viewed 
by  a  TV  camera  mounted  11  feet  away.  Bandwidths  of  8.0  me, 

2.0  DC  ^md  1.0  me  were  used  with  a  Conroe  8"  monitor  (Model 
CNA8)  to  present  the  Landolt  rings  to  the  six  subjects  (viewing 
distance  from  observer  to  the  display  screen  was  not  specified) . 
Size  of  the  rings  was  varied  through  the  use  of  a  zoom  lens 
mounted  on  the  TV  camera.  Contrasts  of  100%,  81%  and  27%  were 
used  between  the  rings  and  the  background  while  the  gap  in  the 
ring  (1/32  inch)  was  presented  in  four  different  orientations. 

The  subjects  were  instructed  to  report  the  orientation  of  the 
ring  gap  when  it  became  visible.  The  time  to  respond  was  the 
performance  measurement  used. 

A  summary  of  the  results  are  presented  in  Table  80.  Reduc¬ 
ing  the  video  signal  b^mdwidth  from  8.0  megacycles  to  2.0  mega¬ 
cycles  degraded  the  ability  of  the  test  subject  to  identify  the 
target  by  a  mean  value  of  23%  for  the  100%  contrast  level,  24% 
for  the  81%  contrast  and  15%  for  the  27%  contrast  level  (Figure 
166).  Reducing  the  bandwidth  from  8.0  to  1.0  megacycle  degraded 
the  observer's  ability  to  identify  the  target  by  mean  values  of 
54%,  52%  and  42%,  respectively.  Shanahan  concludes  that  the  cibil 
ity  to  correctly  identify  targets  is  degraded  less  by  video  band¬ 
width  reductions  for  lew  contrast  targets  than  for  high  contrast 
targets  (but  it  st^irts  degrading  from  a  poorer  performance  level) 
Likewise,  the  aLbility  to  identify  targets  is  degraded  less  by  tar 
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-4 

Recognition  Factor  (XlO  )♦ 


a.  Frequency  Distribution  Using  lOOX  Contrast  Landolt  Ring 


04  8  12  16  20  24  28  32  36 

—4 

Recognition  Factor  (XlO  )♦ 

b.  Frequency  Distribution  Using  81X  Contrast  Landolt  Rings 


♦Recognition  Factor  (Xlo”^)=  Displayed  Tyget  Width 

Width  of  Visual  Background 

c.  Frequency  Distribution  Using  27%  Contrast  Landolt  Rings 


Figure  166.  Results  of  the  St\idy  by  Shanahan  Using  100%  (a), 
81%  (b) ,  and  27%  (c)  Contrast  Between  Target  and  Background. 

(After  Ref.  300) 
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cxjr.trast  reduction  when  using  a  narrow  bandwidth  than  when  using 
a  wide  video  bandwidth  (but  again  starting  from  lower  perfona- 
ance  levels) .  Shanahan,  however,  warns  against  over-general¬ 
ization  of  these  conclusions. 

General  Conclusions 


From  the  existing  data  the  following  general  conclusions 
are  drawn: 

1.  Resolution  requirement  (number  of  active  scan  lines) 
varies  cis  a  function  of  the  type  of  syc±)oi  used  and 
as  a  function  of  the  background  against  which  it  is 
to  be  viewed  (Table  81) . 

2.  The  number  of  active  scan  lines  required  for  detection 
is  considerably  less  than  for  the  same  probability 

of  identification. 

3.  Fewer  scan  lines  are  required  for  alphanumeric  symbols 
than  for  geometric  or  pictorial  symbols. 

4.  Alphanumezics  require  10  to  12  lines  per  symbol  height 
for  a  reasonably  high  probability  of  correct  identifi¬ 
cation. 

5.  Sixteen  to  twenty  lines  per  symbol  height  are  required 
for  the  same  degree  of  correct  identification  of 
geometric-pictorial  symbols. 

6.  A  minimum  of  eight  lines  per  symbol  height  is  required 
for  a  reasonable  probability  of  detection  of  geometric 
symbols  (80%  plus). 

7.  A  minimum  of  1.7  to  2  megacycles  of  bandwidth  are 
required  for  the  £d>ove  values. 

8.  The  number  of  lines  per  display  height  did  not  appear 
to  be  a  significant  factor  in  the  probability  of 
detection.  The  standard  525  lines  appears  to  be 
adequate  (under  normal  viewing  conditions) . 

9.  Some  tradeoff  is  possible  between  the  number  of  scan 

lines  per  symbol  and  the  angular  subtense  of  the 
F'^hol .  ^ 
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Table  81.  Sunanary  of  Reconar ended  ?ft,isher  of 
Lines  per  Symbol  Height. 


Detection: 


Identification: 


ALPHANOMERIC  GEOMETRICAL-PICTORIAL 


8-10  lines  per 
symbol  height 

10-12  1.  .es 


8-10  lines  per 
symbol  height 

18-20  lines 


IMAGE  QDALITY 

The  information  extracted  frcxn  a  display  or  an  image  depends 
largely  iqx3n  the  quality  of  the  image.  All  images,  be  they  photo¬ 
graphic,  TV,  RADAR  or  infra-red,  cure  subject  to  a  myriad  of 
degrading  factors  depending  upon  the  course  of  its  acquisition 
and  display  (degrcidation  arises  from  such  factors  as  the 
undulatory  nature  of  radiation,  atmospheric  turbulence,  haze, 
limited  system  resolution,  system  bandwidth,  dynamic  range, 
system  noise,  edge-gradients,  display  jitter,  image  smear  and 
display  grain  size)  .  These  factors  generally  act  to  increatse  the 
homogeneity  of  the  image  spatial-luminance  distribution.  That  is, 
instead  of  being  stuurply  separated,  adjacent  luminance  areas  in 
the  image  cure  connected  by  diffused  spatial-luminance  transitions . 
Hence,  contrast  is  reduced  and  image  elements  which  would  be 
otherwise  resolvable,  become  indistinguishable  and  the  information 
transmission  capability  is  thus  reduced.  This  section  will  briefly 
address  the  factors  of  edge  gradients,  display  jitter,  image  smear, 
and  display  grain-size  amd  their  effects  on  resolution. 

Edge  Gradients 

Resolution  has  traditionally  been  regarded  as  an  index  of 
image  quality,  but  it  merely  designates  the  minimum  detail  that 
can  be  resolved  and,  as  such,  provided  no  information  as  to  the 
clarity  and  shcu:pness  of  the  larger  details  in  the  image. 

Brainard  (Ref.  41)  suggests  that:  "From  a  study  of  resolution  and 
detail  contrast  characteristics  of  photographic  and  television 
images  it  has  been  long  apparent  that  the  sharpness  of  an  image 
has  no  fixed  relation  to  the  limit  of  resolution  of  the  system". 
Sharpness  is  rather  a  functibn  of  the  shape  and  steepness  of  the 
edge  gradient  of  the  ixaage.  Higgins  and  Jones  (Ref.  166)  investi¬ 
gated  edge  gradients  measurements  and  found  that  a  number  of  the 
commonly  accepted  methods  to  be  unsatisfactory.  One  index 
investigated  was  the  maximum  gradient,  which  usually  occurs  near 
the  center  of  the  curve.  As  a  measure  of  sharpness,  this  index 
failed  to  distinguish  an  edge  gradient  having  a  sweeping  toe  and 
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shoulder  fror.  one  with  an  abrupt  toe  and  shoulder  (Figure  167)  . 

At.  index  based  on  the  average  gradient  (e.g.,  point  A  and  B  in 
Figure  167)  between  two  points  likewise  failed  to  distinguish 
between  curves  like  E  (or  F)  and  D  which  have  the  same  average 
gradient.  The  final  index  they  examined,  acutance,  correlated 
highly  (r  =  0.994)  with  observer  judgements  of  sharpness.  This 
index  is  generally  defined  as  the  mean-square  gradient  divided 
by  the  density  difference,  or: 

6"^  =  Z  (  iDi/  ■lxi)^/DS 
n 

where  n  is  the  nxamber  of  measurements  and  DS  is  the  density 
difference  between  points  A  and  B.  Further  research  by  Higgins 
and  Jones  indicates  that  a  more  satisfactory  index  of  image 
'definition'  was  obtained  by  coBibining  resolution  with  acutance. 
They  suggest  the  following  empirical  expression: 

-2" 

•KR  ^ 

E>efinition  =  Acutance  .  e 

where  K  is  a  constant  and  R  is  resolution.  The  precise  relation¬ 
ship  of  acutance  and  resolution  in  their  joint  effect  on  definition 
remains  to  be  %#orked  out  (Ref.  41).  in  addition  to  these  factors, 
graininess  has  also  been  found  to  influence  sharpness.  At  present, 
image  definition  is  believed  to  be  influenced  principally  by: 

sharpness  (measured  in  terms  of  edge  gradient) 

resolution 

graininess 

tonal  reproductions (Tona) 

Of  these  factors,  Brainard  (Ref.  41)  concluded  that  sharpness  is 
the  more  im.portant. 

Edge  gradients  have  another  important  role  in  the  field  of 
perception.  When  the  small  involuntary  eye  movement  present  in 
the  normal  viewing  conditions  are  prevented  from  producing  motion 
of  the  retinal  image,  the  whole  visual  field  appears  uniform,  in 
spite  of  actual  luminance  variations  across  the  field.  Brainard 
(Ref.  41)  quotes  Riggs  (Ref.  276)  as  saying  that  "Continuous 
involuntary  r  tion  of  the  eye  has  one  clearly  demonstrated 
function,  that  of  preventing  the  ...  disappearance  of  contours..". 

The  efficiency  with  which  a  display  is  searched  is 
significantly  irpaired  when  the  edge  gradation  is  reduced  by 
blurring  the  image  or  by  introducing  differently  shaped  apertures. 
Specifically,  the  duration  of  fixation  increase  and  the  distances 
between  fixations  decreases,  as  the  edge  gradients  are  diffused. 

The  net  result  of  this  is  that  a  smaller  portion  of  the  display 
is  searched  in  the  given  unit  of  time.  The  magnitude  of  this 
effect  is  illustrated  in  Figure  168. 
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Figure  167.  Distribution  of  Density  in  Image  of  Knife-Edge. 

(Brainard  et  al .  Ref.  42) 


Brainard  et  al.  also  suggests  that  in  addition  to  search 
time,  the  identif icability  of  targets  will  be  significantly 
reduced  and  target  detection  will  be  affected  but  to  a  lesser 
degree . 

The  optical  characterisiics  of  the  eye  are  such  that  the 
image  projected  unto  the  retina  is  degraded  relative  to  the  image 
entering  the  eye.  Regardless  of  how  sharp  the  edge  gradient  is 
between  adjacent  luminance  areas,  the  distribution  of  the 
lum.inance  on  the  retina  will  be-  spread  or  diffused.  This  spread 
derived  from  the  eye  is  introduced  by: 

1.  Diffusion  of  the  light  by  the  pupillary  aperture 

2.  Spherical  and  chromatic  aberration  of  t.he  ocular 
system 

3.  Scatterning  of  light  in  the  d-ioptic  media 

The  resulting  diffusion  of  the  image  has  been  typically  regarded 
as  the  "Blur  Circle"  and  more  recently  as  the  spread  function  {see 
section  on  Visual  Acuity)  of  the  visual  system. 

In  spite  of  the  diffusing  effects  of  the  eye,  the  retinal 
image  can  still  be  perceived  as  sharp  under  r.any  conditions.  The 
relationship  of  the  actual,  perceived  and  retinal  image  is  shown 
in  Figure  169.  This  phenomena  was  apparently  first  noticed  by 
Mach  (Ref.  228)  in  1865  and  he  described  it  as  a  second  derivative 
correction  applied  to  the  retinal  im.age.  The  equation  proposed 
was : 
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Angular  Subtense  of  Blur  Distribution 
(In  Degrees) 

Figure  168.  Influence  of  Edge-Gradient  Diffusion  on  Search 
Efficiency.  (After  Brainard  et  al.  Ref.  42) 


Distance  (b) 


Figure  169.  Perception  of  a  Bipartite  Field* 
(After  Brainard,  Ref.  41) 


r{X)  =  a  log 


e (X)  +  r 


.  d^e(X) 
e(X)  d^2 

where  x  is  the  cixis  along  the  surface  of  the  retina,  r  is  the 
perceived  (or  apparent)  brightness,  e  is  the  retinal  illuminance, 
cmd  a,  0,  and  r  are  constants.  Mach  noted  also  that  the  first 
derivatives  of  the  spatial-luminance  distribution  had  little  or 
no  effect  on  perception,  a  finding  recently  confirmed  by 
Ludvigh  (Ref.  221). 

Display  Jitter 

Another  factor  contributing  to  edge  gradient  reduction  is 
display  jitter.  Jitter  is  defined  by  Sherr  (Ref.  301)  as  the 
detectable  motion  in  displayed  data,  when  no  such  motion  should 
exist.  It  is  essentially  the  noise  component  of  a  visual 
presentation  that  sets  the  lower  limits  of  motion  perception  and 
consecpiently  resolution  (perception)  capabilities.  Jitter  can 
be  detected  when  the  motion  is  of  sufficient  intensity  to  be 
detected  by  the  eye  at  the  selected  viewing  distance.  With  a 
line  width  of  three  minutes  of  arc,  it  is  probable  that  a  motion 
of  between  1/2  and  1  line  width  will  be  apparent,  as  either 
blurring  of  the  image  caused  by  widening  of  the  line  or  actual 
motion  of  the  image.  The  nature  of  the  distortion  induced  will 
depend  upon  the  jitter  frequency  and  upon  whether  the  two  lines 
overlap.  If,  for  exanq>le,  the  jitter  frequency  is  above  critical 
fusion  frequency  for  flicker  and  the  lines  do  not  overlap,  then 
two  images  will  appear.  If  the  frequency  is  below  CPF  without 
line  overlap,  the  image  will  appear  to  move  from  cne  position  to 
the  other.  If  the  lines  do  overlap,  they  will  appear  to  broaden 
at  frequencies  above  CPF  and  produce  additional  flicker  at 
frequencies  below  CPF.  Sherr  suggests  that  some  jitter  may  be 
acceptable  if  the  visual  presentation  requirements  are  not 
exceeded,  but  that  in  general  it  is  desired  that  this  typ>e  of 
display  noise  be  limited  to  less  than  a  resolution  element  to 
achieve  acceptable  performance  (Tcible  82) . 

Image  Smear 

As  Slocum  et  al.  (Ref.  312)  point  out,  many  operational 
aircraft  today  have  low-resolution  ground  mapping  radar  systems. 
These  systems  are  employed  only  for  the  recognition  of  large 
land/water  boundaries,  outlines  of  large  cities,  etc.,  and  for 
this  task  the  primary  factor  is  sufficient  brightness  to  be 
recognized  under  all  ambient  light  conditions.  Slocum  et  al. 
suggest  that  a  display  utiliaing  the  fading  erasure  technique 
is  adequate  since  image  grey  scale  and  resolution  are  not 
critical.  But,  in  order  to  recognize  smaller  targets,  the 
ground  coverage  of  the  sensor  must  be  smaller.  This  results  in 
considerable  image  motion  between  frames  at  normal  aircraft 
speeds.  For  example,  with  a  three-mil  radar  coverage,  a  point 
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Table'  82.  JittiT  liffocts  on  Liiu'  I’crcnpt  ion . 
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in  the  center  of  the  PPI  display  would  move  1/8 th  of  the  display 
height  between  scans  with  a  scan  interval  of  1  second  and  an 
aircraft  speed  of  1,000  ft  per  second.  If  the  image  from  one 
scan  were  not  completely  erased  by  the  time  the  new  image  is 
painted,  considerable  image  smearing  would  result.  Simple 
adjustment  of  the  display  to  provide  rapid  fade  to  prevent  this 
smeciring  will  likely  result  in  an  annoying  fade  rate  which 
degrades  operator  performance  in  difficult  target  recognition 
situations.  Slocum  et  al.  suggest  line-by-line  selective 
erasure  before  the  writing  of  a  new  line  to  avoid  the  above 
difficulties.  On  faster  scanning  displays  (such  as  conventional 
TV)  -  any  type  of  erasure  or  phosphor  fade  is  acceptable  as  long 
as  it  is  sufficiently  fast  to  prevent  smearing  of  rapidly 
changing  images. 

Grain  Size 

Granularity  or  grain  size  refers  to  the  size  of  the 
individual  elements  or  components  making  up  a  composite  image. 
Depending  upon  the  nature  of  the  sensor  and  the  display  system, 
there  are  two  basic  types  of  granularity.  One  type  occurs  when 
the  granularity  is  super-imposed  upon  the  image  during  production 
or  reproduction  of  the  image  itself.  This  is  observed  in  certain 
photographic  and  printing  processes.  The  second  case  occurs  when 
the  image  is  "made-up"  of  grains,  as  is  the  case  with  certain 
electronically  produced  imagery.  The  latter  case  will  be  briefly 
addressed  here. 

The  subject  of  display  granularity  has  received  relatively 
little  attention,  but  based  on  the  few  data  available,  the  subject 
appears  to  weirrant  further  consideration  and  study.  Part  of  the 
reason  for  the  lack  of  attention  in  this  area  may  be  due  to  the 
fact  that  granularity  has  traditionally  been  associated  with  the 
field  of  photography.  Indeed,  considerable  literature  has  been 
produced  addressing  photographic  granularity.  Photographic  image 
quality,  however,  is  not  within  the  preview  of  this  effort. 
Consequently,  the  subject  is  included  here  only  to  stimulate  an 
awareness  of  this  parameter. 

Bennett,  Winterstein,  and  Kent  (Ref.  27)  conducted  an 
experiment  to  gather  data  on  the  effect  of  resolution  and 
granularity  on  rapid  recognition  performance  with  well-trained 
subjects  using  realistic  materials  and  tasks.  They  trained  24 
subjects  (10-12  hours  training  per  subject)  on  photo-interpretation 
tasks  and  had  them  identify  objects  (aircraft,  towers,  trucks,  etc.) 
under  several  conditions  of  deresolution  granularity  and  scale 
size.  Their  results  are  sunmeurized  in  Figure  170.  This  figure 
demonstrates  the  effects  of  the  four  grain  sizes  examined  in  this 
study  on  search  time.  Bennett  et  al.  conclude,  based  on  the 
measured  average  grain  size  and  estimated  viewing  distance,  the 
point  at  which  grain  is  large  enough  to  produce  poor  performance 
is  only  about  20  seconds  of  visual  arc.  The  physical  size  of 
the  grain  producing  degraded  performance  and  the  rather  drastic 
nature  of  the  drop  in  performance  suggest  that  granularity  or  it's 
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CRT  equivalent  may  be  an  important  display  consideration.  Further 
examination  of  this  parameter  will  be  required  before  concrete 
conclusions  can  be  drawn. 
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The  legibility  of  electronically  generated  display  imagery 
ha^  traditionally  been  addressed  in  terms  of  the  number  of 
aefeve  scan  lines  per  symbol.  A  number  of  other  factors, 
however,  contribute  to  the  legibility  of  these  symbols.  Repre¬ 
sentative  factors  in  this  latter  class  include  edge  gradient 
considerations,  display  jitter  and  image  smear  and  grain  size 
considerations.  These  latter  factors  have  received  relatively 
little  attention  in  the  literature,  although  their  effect  on 
symbol  legibility  apparently  could  be  significant. 

Edge  gradients,  for  example,  affect  the  sharpness  or 
"definition"  of  an  image,  which  is  especially  critical  in 
cluttered  or  "hazy"  displays.  Additionally,  display  search 
time  is  affected  by  edge  gradients.  Jitter  affects  the  d  "ini- 
tion  of  the  presented  symbology  as  well  as  contributing  tc 
"unstable"  symbology.  The  effect*,  of  image  smear  is  espec  illy 
prominent  in  displays  with  relatively  rapid  information  up-  ite 
rates  while  grain  size,  although  not  significantly  examined  a 
the  present  context,  appears  to  directly  influence  the 
observer's  performance. 


SECTION  IX 


FLICKER  FACTORS 

INTRODUCTION 


The  sensation  of  flicker  is  produced  by  continued  inter¬ 
mittent  stimulation  of  tlie  visual  mechanism  over  a  limited  range 
of  alternations  (Ref.  226).  At  frequencies  below  3  hertz,  this 
foveal  stimulation  is  generally  referred  to  as  flashing  and  is 
often  effective  as  an  attention-gaining  device.  Above  this 
frequency,  however,  initial  or  “course"  flicker  is  detected  and 
may  result  in  undesirable  observer  reactions  (disorientation, 
nausea,  visual  fatigue,  distraction,  and  annoyance).  With 
increasing  frequency,  this  flickering  sensation  becomes  "finer", 
and  the  eye  is  less  able  to  distinguish  individual  flashes,  un¬ 
til  they  are  no  longer  detectable.  The  frequency  of  stimulation 
at  which  the  sensation  of  flicker  just  ceases  to  be  noticeable  ^ 
is  termed  the  "critical  fusion  frequency"  (CFF) ,  or  the  frequency 
at  which  the  properties  of  the  eye  (persistence  of  vision)  inte¬ 
grate  the  individual  stimuli  to  produce  the  sensation  of  steady 
light  or  of  smooth  movement.  This  integration  process  results 
from  the  retention  of  the  stimulus  sensation  by  the  visual 
mechanism  for  brief  periods  of  time  after  the  stimulus  is 
removed.  These  retained  sensations  gradually  disappear  tadcing 
approximately  0.1  second  to  disappear  completely. 

The  human  eye  is  part  of  the  visual  display  system,  and, 
consequently,  a  nximber  of  individual  differences  interact  with 
a  ntimber  of  display  parameters  to  determine  the  precise  frequency 
at  which  fusion  will  occtir.  This  man-display  interaction,  will 
also  vary  from  one  environmental  setting  to  the  next,  again 
depending  upon  the  observer  and  the  type  of  display.  Represent¬ 
ative  of  some  of  the  individual  differences  affecting  the 
detection  of  flicker  are: 

Persistence  of  vision  fluctuations 
Foveal-cortex  characteristics 
Chrcxnatic-spherical  aberration  effects 
Individual  age,  sex,  alpha  rhythm  characteristics 

In  addition  to  the  above,  a  number  of  other  parameters 
affecting  the  observer's  detection  of  flicker  includes: 

« 

The  area  of  fovea  stimulated 
Eye  adaptation  level 

Display,  siirround  and  ambient  illumination  levels 
Light-to-dark  ratio  of  the  flashes 


A  large  number  of  display  parameters  are  known  to  affect 
the  presence  of  flicker  on  electronically  generated  displays. 

A  review  of  the  literature,  however,  failed  to  produce  a  con¬ 
sensus  as  to  just  which  parameters  should  be  included  in  this 
listing.  Table  83  indicates  this  diversity  of  opinion  (and  of 
terminology) ,  but  it  also  indicates  that  several  determinants 
appear  to  be  common  to  a  number  of  the  reports  reviewed.  These 
include:  ' 


Phosphor  characteristics  -  decay  time  and  spectral 
characteristics 
Display  refresh  rate 
Information  up-date  rate 

Viewing  distance  in  relation  to  display  size 
Emitted  luminescence  intensity  and  contrast 
Wavelength  characteristics  of  emitted  luminance 
Luminance  of  light  source 

Flicker,  itself,  has  a  number  of  stages,  and  each  stage 
tends  to  elicit  different  observer  reactions.  Barmack  and 
Siniako  (Ref.  16)  suggest  that  at  less  than  one  cycle  per 
second  there  may  be  a  cyclic  loss  of  and  recovery  of  dark 
adaptation.  They  conclude  that  2  to  3  flcishes  per  second  is  the 
optimum  for  attention-getting  value,  but  that  4  to  7  flashes  per 
second  will  cause  some  visual  discomfort.  They  found  8  to  15 
cycles  per  second  to  cause  some  confusion,  loss  of  performance 
(unspecified)  and  in  some  cases,  even  unconsciousness.  They 
state  that  pulsed  light,  to  be  perceived  as  a  continuous  light, 
must  be  generated  at  a  rate  cibove  30  Hertz.  However,  they  found 
this  to  be  a  function  of  the  brightness  levels  concerned.  At 
0.01  Ft.  Lamberts,  flicker  fusion  frequency  may  occur  at  20 
Hertz,  but  at  100  Ft.  Lamberts  fusion  nay  not  occur  until  60 
Hertz  is  reached. 

The  general  consensus  is  that  in  the  literature  flicker 
does  not  present  a  major  problem  to  the  display  designer. 

Flicker  can  be  eliminated  by  increasing  the  regeneration  rate, 
using  longer  persisting  phosphors  or  reducing  display  brightness. 
However,  the  tradeoffs  that  have  to  be  made  to  eliminate  flicker 
may  present  severe  restrictions  for  the  designer,  restrictions 
that  can  be  best  circumvented  by  a  knowledge  of  all  of  the 
factors  involved  and,  more  importantly,  of  the  interactions  of 
these  factors.  This  section  will  address  these  interactions 
by  first  addressing  flicker  as  it  affects  the  observer  and  some 
of  the  observer  variables  involved  (see  Figure  171) .  Attention 
will  then  be  focused  on  display  parameters  that  interact  with 
the  observer  to  produce  the  sensation  of  flicker.  Finally,  an 
attempt  will  be  made  (where  data  allow)  to  relate  observer 
parameters  to  display  parameters  and  show  possible  interactions. 
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OBSERVER  CHARACTERISTICS 


Individual  Reactions 


Geldard  (Ref.  130)  reported  that  under  identical  viewing 
conditions  and  with  laoderate  illumination,  it  is  possible  to 
find  CFF  values  ranging  from  35  to  45  cps  among  a  dozen  differ¬ 
ent  observers.  This  range  of  sensitivity  to  the  detection  of 
flicker  is  indicative  of  the  range  of  reactions  experienced  by 
individuals  exp>osed  to  flicker.  Investigations  of  these 
reactions  have  failed  to  establish  any  firm  conclusions  other 
than  the  fact  that  reactions  (if  any)  vary  from  individual  to 
individual.  The  major  portion  of  the  research  in  this  area, 
however,  has  been  conducted  under  low-light  level  laboratory 
conditions.  Little,  if  any,  effort  has  been  addressed  to  the 
examination  of  display  flicker  under  cockpit  operational 
conditions.  In  actual  airborne  operations,  other  Vciriables 
interact  to  alter  the  individual's  reaction  to  display  flicker. 

A  lack  of  reliable  data  exists  for  the  latter  condition. 

Intermittent  photic  stimulation  can  also  be  produced  by 
the  rotor  blades  of  a  helicopter  or  by  the  propellers  of  an 
aircraft-  This  type  of  flicker  (rotor  flicker)  can  detract 
attenticm  from  critical  tasks  and  has  been  reported  to  occasion¬ 
ally  induce  true  photogenic  epilepsy  (which  Gastaud,  Ref.  128, 
has  defined  as  "idiopathic  epilepsy”).  Mercier  (Ref.  236) 
reports  that  cases  have  occurred  where  sensitive  individuals 
suffered  epileptic  seizures  while  drive  at  high  speed  along 
tree-lined  roads  or  roads  where  telephcxie  poles  were  closely 
spaced.  Johnson  (Ref.  185)  has  even  reported  a  case  of  epileptic 
seizvure  being  induced  by  propeller  blades  themselves. 

Laveme  and  Johnson  (Ref.  391)  report  that  among  102  pilots 
whose  EEGs  (Electroencephalograms)  were  recorded  during  inter¬ 
mittent  photic  stimulation,  one  quarter  experienced  “difficult¬ 
ies”  when  flicker  was  present.  Except  in  rare  cases,  these 
difficulties  could  be  attributed  primarily  to  interruption  of 
attention  and  occasionally  to  vertigo.  In  addition  to  these 
typical  manifestations,  helicopter  pilots  (especially  helicopter 
flight  instructors)  reported  that  they  experienced  marked  visual 
fatigue  in  formation  flying  during  which  they  had  to  look  for 
long  periods  of  time  at  the  rotors  of  the  next  aircraft. 

It  is  also  possible  to  produce  spatxal  disorientation  in 
aircraft  crewmembers  by  exposure  to  flickering  light  sources 
outside  the  aircraft  (sun,  airport  lights,  etc.,  viewed  through 
a  rotating  body) .  A  second  source  may  be  rotating  anti-collision 
lights  (red)  or  beacons  on  aircraft  operated  at  night.  This 
source  of  light  can  be  reflected  from  clouds,  wings  or  cowling 
to  create  a  complex  pattern  of  flashing  lights. 
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Helicopter  and  single  or  twin  engine  aircraft  may  produce 
flickering  lights  that  have  been  reported  to  induce  flicker 
vertigo.  Ailslieger  amd  Dick  (Ref.  2)  report  that  this  type  of 
incident  is  increasing  with  the  proliferation  of  light  aircraft 
and  helicopters.  Here,  again,  response  to  flicker  is  dependent 
upon  the  person,  the  situation  and  the  frequency  of  the  flashing 
light. 

Persistence  of  Vision 


The  sensation  resulting  from  a  visual  stimulus  does  not 
disappear  simultaneously  with  the  removal  of  the  stimulus. 

Rather,  the  sensation  persists  briefly  after  the  removal  of  the 
stimulus  and  then  gradually  disappears.  A  number  of  investiga¬ 
tions  have  demonstrated  that  this  persistence  of  vision  can  be 
altered  by  inducing  changes  in  several  pertinent  display  para¬ 
meters.  In  a  recent  study,  Obert-Thom  (Ref.  257)  reports  that 
the  total  persistence  time  increases  lineaply  as  the  log  of  the 
intensity  of  the  stimulating  light  is  increeised.  Porter  (Ref. 
271)  found  that  the  undiminished  persistence  time  (operationally 
defined  as  the  duration  between  successive  flashes  of  light  at 
the  critical  fusion  frequency)  decreased  as  the  intensity  of.  the 
light  source  increased.  Hence,  increasing  the  stimulus  intensi¬ 
ty  affects  the  total  persistence  time  and  the  undiminished 
persistence  time  in  opposite  manners. 

Ross  (Ref.  285)  reports  that  changing  the  light-to-dark 
ratio  (LDR)  affected  the  CFF  of  a  display.  He  also  found  that 
for  a  given  flash  intensity  level,  increasing  the  flash  duration 
(increasing  the  light  period  in  the  LDR)  decreased  the  un¬ 
diminished  persistence  time.  Wilkinson  (Ref.  355)  conducted  a 
study  to  examine  the  fusicm  point  time  interval  between  t'-.'o 
flashes  of  light  that  are  just  fusing.  This  period  of  tirra  is 
called  the  two-flash  threshold  (TFT)  and  is  another  measure  of 
the  undiminished  persistence  time.  Wilkinsm's  findings, 
contTciry  to  the  findings  of  Porter  (Ref.  271)  ,  but  confirmed  oy 
the  findings  of  Ireland  (Ref.  178)  indicate  that  changes  in  tiie 
intensity  of  the  flashes  did  not  appreciably  affect  the  undi¬ 
minished  persistence  time  (or  the  TFT  time) .  Table  84  summarizes 
some  of  these  findings. 

Obert-Thom  (Ref.  257)  conducted  an  experiment  to  examine 
the  persistence  decay  curve.  Flash  pairs  were  used  in  wnich 
the  intensity  of  the  second  flash  was  gradually  reduced  so  that 
the  brightness  of  the  first  flash  would  appear  continuous  with 
the  brightness  of  the  second  flash.  When  a  continuity  Wcis 
achieved,  the  time  for  the  largest  decrement  required  would  be 
measured,  and  the  persistence  plotted  in  a  curve.  In  this  study, 
the  log  of  the  intensities  of  the  second  flashes  were  approxi¬ 
mately  9.2,  0.4,  0.6,  0.8,  1.9  and  1.2  less  than  the  intensity 
of  the  first  flash.  The  tw  durations  of  flashes  used  were  25 
and  50  milliseconds. 
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Table  8  4.  Summaxy  of  Findings  on  Persistence  of  Vision. 

j 


Light  (Flash) 
Intensity 

Total 

Persistence 

Dndiminished 

Persistence 

Two-Flash 

Threshold 

Increase 

Increased  + 
Obert -Thorn 
(Ref.  257) 

Decreased  4 
Porter 
(Ref.  271) 

No  change 
Wilkinson 
(Ref.  355) 

Decrease  4 

Decreased  4 
Obert-Thom 
(Ref.  257) 

Increased  t 
Porter 
(Ref.  271) 

No  change 
Wilkinson 
(Ref.  355) 

LIGHT-DARK  RATIO 

Increase  Flash 
Length 

Not  Re{Ported 

Decreased  4 
Ross 

(Ref.  285) 

Not  Re- 
{ported 

*  I Indicates  decrease  and  f indicates  increase  in  value. 


The  results  indicate  that  the  undiminished  persistence  (TFT) 
increased  as  the  intensity  of  the  second  flash  decreased.  De¬ 
creasing  the  flash  duration  from  50  to  25  milliseconds  did  not 
change  the  rate  of  persistence  decline,  but  increased  the  dura¬ 
tion  of  persistence  sensation  before  its  brightness  appreciably 
declined.  These  findings  are  susmarized  in  Figures  172  amd  173 
showing  the  {persistence  cxirves  for  high  intensity  and  low 
intensity  stimulation  respectively. 

Leverenz  •  (Ref .  214),  in  addressing  the  problem  of  the 
persistence  of  vision,  suggests  that  the  value  of  0.1  second  be 
tadcen  as  a  guide  for  use  in  designing  electronic  displays.  This 
■rule-of-thumb“ ,  however,  must  be  used  with  eui  appreciation  for 
the  wide  variations  {possible  around  this  figure.  Additionally, 
it  must  be  recalled  that  these  values  were  derived  under  labora¬ 
tory  conditions  and  may  not  be  valid  under  high  ambient  illumina¬ 
tion  conditions.  Validation  of  tiiis  latter  point  is  required. 

Display  ChrcMnicity 

The  chromicity  of  a  display  is  determined  by  the  spectral 
composition  of  the  emitted  light  (dominant  wavelength  cuid 
purity)  which  is  in  turn  determined  by  the  type  of  phosphor  or 
other  light  emitting  material  used  in  the  display.  Chromicity 
can  be  altered,  to  some  extent,  through  the  use  of  filters.  It 
is,  however,  the  surviving  dominant  wavelength  that  determines 
the  psychological  attributes  of  hue  and,  consequently,  the  type 
and  intensity  of  resulting  chromatic  aberration  effects.  The 
consequences  of  the  latter  effect  are  discussed  in  the  section 
addressing  visual  acuity. 
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Figure  172.  Mean  Visual  Persistence  Decay  Curve  for-the  High 
Intensity*  50  cind  25  Millisecond  Conditions.  (Prom  Ref.  257) 


Figure  173.  Mean  Visual  Persistence  Decay  Curve  for  the  Low 
Intensity  50  and  25  Millisecond  Conditions.  (From  Ref.  257) 

*High  intensity  stimulus  was  2.5  log  units  greater  than  the  low 
intensity  stimulus  (which  was  not  specified)  .  For  each  of  the 
two  stimulus  conditions,  intensity  of  background  was  2.34  log 
units  below  intensity  of  stimulus. 
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Gould  (Ref.  141)  suggests  that  with  all  variables,  includ¬ 
ing  illumination,  held  constant,  the  dominant  wavelength  of  a 
display  is  not  a  critical  factor  xn  the  reduction  of  flicker, 
since  the  required  regeneration  rate  is  independent  of  the  hue 
when  the  luminance  is  held  constant-  However,  because  of  the 
spectral  sensitivity  of  the  eye  and  its  degraded  acuity  with 
certain  wavelengths,  considerably  less  energy  is  required  to 
produce  a  given  luminance  level  for  phosphors  emitting  in  the 
yellow-green  range  tham  for  phosphors  emitting  near  the  ends  of 
the  visual  spectxrum  (Figxire  174)  .  Graham  (Ref.  145)  suggests 
using  wavelengths  in  the  middle  of  the  spectrum  (if  the  display 
designer  is  afforded  the  luxxiiy  of  choice)  for  reasons  other 
than  the  above.  Graham  points  out  that  visual  acuity  is  poorer 
at  the  ends  of  the  visible  spectrum  than  at  mid-spectrum,  and, 
consequently,  operator  performance  is  likely  to  be  reduced,  if 
end  of  the  spectrum  colors  are  used.  Riggs  (Hef-  276)  notes  the 
nonlinear  light  emission  characteristics  of  a  number  of  phos¬ 
phors  and  suggests  that  the  dominant  wavelength  of  the  symbol 
should  be  maintained  as  -close  as  possible  to  the  dominant  wave¬ 
length  of  the  display  background  in  order  to  reduce  the  effects 
of  chromatic  aberration. 


Phosphor  Type 


Figure  174.  Spectral  Sensitivity  of  Eye  Coaq>ared  to 
Connnonly  Used  CRT  Phosphor  Wavelengths. 


Tumage  (Ref.  332)  reviewed  the  literature  and  concluded 
that  many  of  the  data  pertaining  to  flicker  are  not  applicable 
to  modem  displays  utilizing  CRT  types.  Most  of  the  data  were 
collected  from  low-light  level,  white  light  studies  and  are  not 
valid  for  today's  operating  display  situations  where  emitted 
light  is  usually  not  white-  Additionally,  CRT  phosphors  exhibit 
a  number  of  nonlinear  phenomena  which  make  it  difficult  to 
obtain  a  combined  eye-phosphor  characteristic  by  analytical  or 
graphical  methods.  Varying  decay  tiiae,  saturation  or  amplitude 
distortions,  energy-light  conversion  efficiencies,  persistence 
and  color  of  a  phosphor  (or  other  material)  are  often  a  function 
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of  the  operating  temperature,  accelerating  voltage,  beam  current 
density  of  the  Cicr  and  the  deflection  method  employed.  As 
stated  above,  the  color  of  the  luminance  emitted  from  an 
excited  phosphor  is  a  function  of  the  phosphor  itself,  and, in 
most  Ccises,  it  is  not  white.  If,  indeed,  it  is  not  white, 
published  data  on  white  light  CFF  are  of  questionable  value  for 
making  concrete  decisions.  Additionally,  little  or  no  human 
factors  information  is  available  for  the  more  recent  electro¬ 
luminescent,  light  emitting  diodes  or  gas  discharge  solid  state 
displays  with  regard  to  flicker.  This  virgin  area  remains  to 
be  explored. 

Illumination  Intensity 

One  of  the  basic  factors  in  the  control  of  flicker  is  the 
intensity  of  illumination  present  in  the  display  situation 
(retinal,  display  and  ambient  illumination).  The  illumination 
which  is  most  often  treated  %rhen  addressing  flicker  is  the 
illumination  measured  at  the  surface  of  the  retina.  Retinal 
illumination  me^lsurement,  however,  depends  upon  the  apparent 
diameter  of  the  pupil  and  upon  the  transmittance  of  the  ocular 
media.  Both  of  these  factors  are  difficult  to  quantify.  Conse¬ 
quently,  use  is  made  of  a  quantity  called  the  "troland”  (named 
after  L.  T.  Troland)  which  is  the  retinal  illumination  (E) 
confuted  from  the  product  of  the  apparent  pupillary  area  (A)  in 
square  centimeters  times  the  luminance  (B)  of  the  display 
surface  expressed  ^.n  candelas  per  square  meter  (candelas/M^  x 
0.2919=Pt.  Lamberts);' 


E  =  AB 

The  dependence  of  CFF  upon  retinal  illumination  was 
established  over  a  century  ago  by  Plateau  and  his  fellow  workers, 
but  it  was  not  %iorked  out  until  approximately  fifty  years  ago 
when  Ferry  formulated  what  is  now  the  Ferry.-Porter  Law.  This 
law  states  that  the  critical  fusion  frequency  is  proportional 
to  the  logarithm  of  the  illumination  intensity: 

CFF  =  a  Log  E  +  b 


where  a  =  a  constant 

E  =  retinal  illumination  in  Trolands,  and 
b  =  a  correction  constant 

• 

The  relationship  of  CFF  to  retinal  illumination  is  illustrated 
in  Figure  175  for  the  simplest  case  of  100%  modulation  at  a 
light-to-dark  ratio  of  1.  A  review  of  this  figure  reveals  a 
relatively  large  range  of  retinal  illumination  levels  over  which 
tiie  Ferry-Porter  Law  is  maintained.  At  any  given  luminance 
along  this  range,  however,  the  CFF  will  be  generally  higher  for 
larger  display  areas  (fields).  This  phenomenon  is  not  linear 
in  nature  and,  at  present,  no  quantitative  expression  of  this 
relationship  is  available.  It  is  known,  however,  that  these 
curves  tend  to  reverse  after  reaching  a  maximum,  and  that  the 
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Peak  Retinal  Illvunination,  Log  Trolands 
e  175.  CFF  for  Varying  Retinal  Illumination  Levels. 


Log  Retinal  Illumination,  Trolands 


Figure  176.  CFF  as  a  Function  of  Illumination  Level 
for  Three  Retinal  Positions. 
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tendency  to  reverse  increases  with  a  decrease  in  the  size  of  the 
immediately  adjacent  surrounding  non-flickering  luminance. 
Apparently,  the  greater  the  area,  the  more  easily  the  elements 
may  be  synchronized,  thereby  raising  the  effective  frequency  of 
the  pulsations  in  the  constituent  elements. 

CFF  will  also  V2try  with  changes  in  the  angular  position  of 
the  display  relative  to  the  fovea.  This  is,  in  part,  explained 
by  the  fact  that  all  parts  of  the  visual  field  do  not  respond  to 
the  perception  of  flicker  in  the  same  manner.  The  peripheral 
portion  of  the  retina  has  a  different  sensitivity  to  flickering 
or  moving  objects  than  the  fovea,  and  the  difference  in  sensi¬ 
tivity  varies  with  viewing  conditions.  Figure  176  indicates  that 
CFF  varies  directly  or  inversely  with  toe  position  on  the  retina 
stimulated  as  a  function  of  the  illumination  level.  It  can  be 
seen  that  a  trcmsfer  froa  direct  to  inverse  dependence  occrirs  in 
the  vicinity  of  retinal  illumination  values  of  -1  to  -2  Log 
Trol2uids.  Flicker,  then,  is  perceived  in  the  peripheral  portion 
of  the  retina  more  readily  at  low  illumination  levels  cuid  less 
readily  at  higher  levels.  Foveal  vision,  on  the  other  hand,  is 
less  susceptible  to  flicker  detection  at  low  illumination  levels 
than  at  higher  levels. 

Bartley  (Ref.  20)  contends  that  a  steady  stimulus  applied 
to  one  region  of  the  retina  will  modify  the  flicker  sensitivity 
in  adjacent  aureas  of  the  eye.  Bartley  concludes  that  if  a 
steady  stimulus  is  increased  in  intensity  in  one  area  of  the 
eye,  the  CFF  in  adjacent  areas  is  raised  until  a  critical  point 
is  reached,  at  which  time  the  cuirve  begins  to  reverse.  VRien  an 
increasing  low  intensity  stimulus  is  applied  to  the  foveal  area, 
the  peripheral  area  sensitivity  to  flicker  will  increase  until 
the  stecidy  stimulus  intensity  reaches  the  transition  point  from 
rod  to  cone  vision.  At  this  point,  the  flicker  sensitivity  of 
the  peripheral  area  begins  to  decline.  These  conclusions  tend 
to  support  Southall's  position  (Ref.  320)  which  shows  the  foveal 
cirea  of  the  eye  more  sensitive  to  higher  illiimination  levels 
and  consequently  the  transition  from  peripheral  to  foveal  flicker 
detection  occurs  at  approximately  the  transitim  point  frcm  rod 
to  cone  visicm.  The  in^lications  of  these  studies  in  the  design 
of  visual  displays  are  evident.  Peripheral  and  foveal  eurea 
stimulation  are  constantly  in  flux  and  seldom,  if  ever,  equal  in 
intensity.  Consequently,  illimination  factors  other  than  the 
immediately  concerned  display  must  be  accounted  for  in  the  design 
process . 


DISPLAY  PARAMETERS 


Intxoduction 


A  review  of  the  pertinent  literature  addressing  display 
parameters  that  affect  (or  interact  to  affect)  the  presence  of 
flicker  on  an  electronically  generated  display  (CRT  and.  solid- 
state)  produces  a  rather  long  list  of  factors  that  should  be 
examined.  Examination  of  each  of  these  factors  individually, 
however,  would  consume  several  tecdmically  detailed  volumes 
and  would  not  allow  for  the  full  appreciation  of  the  impact  of 
the  four  parameters  (display  luminance  intensity,  phosphor 
characteristics,  refresh  rate  and  information  up-date  rate)  that 
most  directly  affect  the  observer's  perception  of  flicker. 
Consequently,  the  four  factors  enumerated  cibove  will  be  examined 
for  salient  features  that  affect  the  sensation  of  flicker  in  the 
observer  and  e]^>hasis  will  be  placed  on  the  interaction  of  these 
factors  with  each  other  and  with  the  observer. 

The  display  refresh  rate  is  one  of  the  primary  parcuneters 
used  to  eliminate  the  presence  of  flicker  on  the  face  of  a 
display.  There  are,  however,  a  number  of  other  factors  that 
must  be  considered  in  establishing  the  refresh  rate  for  a  display 
and  these  factors  must  often  be  traded-off  with  the  refresh  rate 
in  order  to  achieve  the  overall  system  objectives.  Some  of 
these  factors  include  the  amount  of  information  that  must  be 
presented,  the  rate  at  which  the  information  must  be  up-dated, 
the  visible  light  environment  in  which  the  display  is  to  be 
viewed,  the  emitted  luminance  of  the  display  and  the  scanning 
method  (interlaced,  non-interlaced,  raster  or  line  written)  used. 
These  considerations  axe,  for  the  most  part,  restricted  to  the 
CRT  type  of  display  since  the  solid-state  displays  have  relative¬ 
ly  high  refresh  rates  to  start  with.  Additionally,  solid-state 
displays  have  almost  instantaneous  rise  and  decay  time,  coupled 
with  rather  high  emitted  luninance  levels  which  necessitate  the 
high  refresh  rate  normally  associated  with  these  displays.  No 
data,  how  vex,  have  been  found  addressing  refresh  rate  and 
flicker  on  solid-state  displays. 

Emitted  display  luminance  is  one  of  the  determinants  of 
refresh  rate  and  is  in  tiim  determined  by  the  type  of  display 
(CRT  or  solid-state),  the  emitted  luminance  requirements,  the 
amount  of  information  presented  on  the  display  face,  and  a  host 
of  other  factors.  Essentially,  however,  it  is  observed  that 
increased  emitted  luminance  results  in  increased  CFF  and  conse¬ 
quently  requires  higher  refresh  rates. 

The  display  information  up-date  rate  (the  rate  at  which  the 
information  is  presented  or  chcuiged)  directly  affects  the 
brightness  of  the  display  and  consequently  the  refresh  rate 
requirements.  The  up-date  rate  in  turn  is  determined  by  the 
type  of  sensor  equipment  used  (radars,  TV,  data-link) ,  the  pilot 
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response  requirements  and  response  time.  In  general,  the  larger 
the  anticipated  interval  the  observer  has  to  respond  in,  the 
lower  the  required  up-date  rate. 

Phosphor  characteristics  interact  to  affect  the  refresh 
rate  (phosphor  rise-decay  time),  the  emitted  luminance,  and  the 
information  up-date  rate  (may  result  in  'trailing*  or  smearing 
if  persistence  is  too  long).  Phosphor  selection  is  based  on  a 
series  of  tradeoffs  with  the  many  other  considerations 
associated  with  display  design.  These  tradeoffs  must  take  into 
account  the  amount  and  type  of  information  to  be  presented,  the 
nature  of  the  mission,  the  observer  viewing  conditions  and 
requirements  and  the  limitation^  of  the  overall  display  system. 
Phosphor  selection  is  critical  in  the  design  of  CRT  type 
displays  and  in  those  solid-state  displays  that  use  phosphors  as 
energy  converters. 


Display  Luminous  Intensity 


Most  of  the  preceding  flicker  data  were  derived  from 
laboratory  studies  conducted  under  typical  laboratory  conditions 
which  utilized  whole  field,  square  wave  brightness  fluctuations. 
Current  CRT  and  CRT-type  displays  do  not  necessarily  operate  on 
these  principles,  nor  would  they  elicit  identical  observer 
responses  to  the  perception  of  flicker.  Raster  scan  CRT 
displays,  for  example,  utilize  high  intensity  cathode  ray  beams 
that  scan  at  a  rate  of  10*  cm  sec~*  and  which  produce  'spots' 
that  cire  excited  for  about  10“’’  second,  30  times  a  second.  The 
excited  spot  lum:  lance  is  considerably  brighter  for  brief 
periods  than  the  average  screen  luminance  (the  exact  time  being 
a  function  of  the  decay  characteristics  of  the  phosphor  or  other 
material  used  in  the  display) .  Other  CRT-type  displ  s  have 
similar  characteristics,  while  certain  plasma  an  1  so  .d-st.ite 
displays  have  a  collection  of  unique  properties  varying  cathode 
luminescence  efficiency,  edge  mission  bands,  noa-linear  hue 
emission  qualities,  creep  phenomena  and  extremely  high  flash 
intensities)  interacting  in  the  production  of  flicker  in  display 
situations.  The  wide  variation  in  the  luminous  intensity  from 
display  to  display,  combined  with  the  numy  unique  properties  of 
each  type  of  display,  makes  the  generalization  of  the  findings 
from  academic  studies  of  flicker  to  actual  display  situations 
hazardous  at  best.  Carel  (Ref.  68)  concludes  that  the  best 
method  for  the  collection  of  data  relating  directly  to  display 
flicker  is  through  direct  observation  of  the  display  under 
actual  operating  conditions.  To  date,  few  pertinent  data  are 
available  in  this  regard. 


In  CRT  displays,  the  emitted  luminance  of  the  display  is 
measured  by  the  emitted  light  energy  per  unit  area  of  the  light 
source  euid  is  gene-ally  expressed  in  Ft.  Lamberts.  This  energy 
is  derived  from  the  moving  scanning  spot,  and  the  resulting 
luminance  is  determined  in  peirt  by  the  sccuining  beam  intensity. 
The  moving  spot  luminance  (expressed  in  Ft.  Lamberts)  is 
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CRT  brightness  is  a  function  of  acceleration  voltage  and 
becun  current.  Leverenz  (Ref.  214)  states  that,  in  general,  with 
other  factors  held  constant,  display  brightness  increases  with 
the  increasing  acceleration  voltage  and  bean  current.  However, 
as  the  brightness  is  increeised  on  a  display  using  these  two 
parameters,  so  does  the  spot  size^  and  the  result  is  loss  of 
resolution. 

In  an  effort  to  relate  the  effects  of  display  screen 
brightness  to  the  production  of  flicker,  Davis  (Ref.  102) 
examined  CFF  for  a  number  of  phosphors  as  a  fvuiction  of  the 
display  brightness.  He  concluded  that  the  shorter  persistence 
phosphors  (P4,  P20)  have  higher  CFF’s  at  any  given  brightness 
level  for  the  observer  than  the  longer  persistence  phosfdiors 
such  as  P7.  This  is  in  part  due  to  the  fact  that  shorter 
persistence  phosphors  require  higher  refresh  rates  in  order  to 
produce  flicker  free  displays,  and  the  higher  refresh  rate 
generally  results  in  higher  display  brightness.  Also,  in 
general,  the  higher  the  brightness,  the  higher  the  CFF.  This 
rule,  however,  is  not  universal  and  is  subject  to  exceptions. 
Sherr  (Ref.  301)  states  that  the  use  of  long  persistence  (dios- 
phors  (not  specified)  can  reduce  refresh  rate  requirements  by 
20%  for  flicker  free  displays. 

Pizzicara  (Ref.  267)  has  indicated  that  the  concentration 
of  phosphor  crystals  (in  grams  per  unit  of  squared  display 
surface)  has  a  direct  effect  o:i  the  emitted  luminance  of  a 
display  (EL  type  and/or  CRT  type . display) .  If  the  phosphor 
layer  is  too  thin,  maximum  efficiency  will  not  be  achieved,  but 
if  the  phosphor  coat  is  too  thick,  possible  luminance  emissions 
will  be  'trapped*  in'  the  phosphor  layer  and  the  overall  emission 
level  will  be  reduced.  Figure  178  shows  the  emitted  luminance 
for  different  phosphor  concentrations  as  a  function  of  different 
refresh  rates. 

Finally,  Carel  (Ref.  58)  reviewed  a  study  by  Scheuie  (Ref. 
289)  in  which  direct  observation  of  a  CRT  display  was  made  under 
operational  conditions.  Figure  179  indicates  that  the  flicker 
threshold  is  dependent  upon  the  viewing  ratio  P  (ratio  of  view¬ 
ing  distance/screen  diameter) ,  the  refresher,  and  the  character¬ 
istics  of  the  phosphor  decay  rate.  Schade  concludes  (Carel) 
that  the  regeneration  rate  is  based  on  the  average  screen 
brightness  and  not  on  the  highlight  brightness  (maximum  bright¬ 
ness  above  background  brightness  of  a  particular  image  on  the 
screen) ,  provided  that  the  image  constitutes  only  a  small  por¬ 
tion  of  the  entire  screen.  If,  according  to  Schade,  the  average 
display  brightness  at  the  eye  was  100  Ft.  Lamberts  and  the  -- 
viewing  ratio  (?)  was  4  to  5,  then  the  CFF  would  vary  between 
45  to  85  cps,  depending  upon  the  phosphor  used.  This  is 
interesting  in  light  of  the  fact  that  most  other  studies 
reviewed  generally  tend  to  have  CFF  curves  that  reach  an 
as tete  in  the  vicinity  of  60  cps.  Carel  states  that  the 
issue  of  the  upp'er  limit  for  CFF  "remains  unresolved",  but  it  is 
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Figure  178.  Luminance  Output  as  a  Function  of 
Phosphor  Concentration. 
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Critical  Screen  Brightness  (No  Syabology)  (Be) 
in  Ft.  Lao^rts 

Figure  179.  CFF  as  a  Function  of  Critical  Screen  Brightness 
in  Ft.  Lamberts  (with  Other  Factors  Held  Constant)  for 
White  Light.  (From  Carel,  Ref.  58) 


of  critical  interest  here  due  to  the  requirement  to  view  elec¬ 
tronically  generated  displays  under  high  illumination  conditions. 
To  date,  there  appears  to  be  little  or  no  valid  data  on  flicker 
under  high  illumination  conditions  (up  to  8,000  Ft.  Lamberts)  in 
o;»erational  situations. 


Conclusion 


In  general,  the  higher  the  display  refresh  rate  (with  other 
factors  held  constant) ,  the  greater  the  emitted  display  lumi¬ 
nance.  Again,  with  other  factors  held  constant,  emitted  display 
luminance  increases  with  increasing  accelerating  voltage  and 
increasing  beam  current.  Display  writing  speed,  which  is  a 
function  of  the  refresh  rate  and  the  amount  of  information 
presented  on  the  display,  increases  as  the  amount  of  informa¬ 
tion  presented  is  increased  and  consequently  reduces  emitted 
display  luminance.  In  general,  shorter  persistence  phosphors 
have  higher  emitted  lumineuice  levels,  partly  as  a  result  of  the 
higher  required  refresh  rate  for  flicker-free  displays. 


Display  Refresh  Rate 


CRT  and  CRT-type  displays  produce  flicker  because  the 
rasters  and  the  images  are  written  and  rewritten  by  a  rapidly 
moving  dot  of  light  which  creates  a  series  of  light-dark  ci’cles. 
This  cycle,  or  refresh  rate,  must  be  above  the  critical  fusion 
frequency  for  the  given  phosphor  in  the  particular  display 
situation  in  order  to  produce  a  flicker-free  (or  "fused") 
display.  Several  other  variables  interact  to, in  part, determine 
the  CFF  for  a  given  display  (emitted  display  luminance,  phosphor 
persistence,  information  density)  and  thus,  in  turn,  partly 
determine  the  regeneration  rate  of  the  system.  It  is  essential, 
however,  that  the  display  be  maintained  flicker-free  at  all 
times  (even  under  varying  viewing  conditions)  and  for  this 
reason,  some  'safety  margin'  above  the  critical  fusion . frequency 
is  required.  On  the  other  hand,  one  of  the  objectives  of  the 
display  designer  .is  to  keep  the  r^eneration  rate  as  low  as 
possible  while  still  giving  the  desired  performance. 


One  of  the  reasons  for  the  use  of  minimum  regeneration 
rates  is  that  the  computer-display  system  has  a  maximum  band¬ 
width  (in  bits  per  second)  and  any  increase  in  the  refresh  rate 
limits  the  £uiK>unt  of  information  that  can  be  transmitted  to  the 
display.  The  relationship  between  this  maximum  information  rate 
in  bits  per  second  dmax)  #  the  refresh  rate  (F) ,  and  the  total 
(binary)  number  of  picture  elements  (N^)  is; 


Because  of  the  reciprocal  relationship  between  F  and  ?i, 
considerable  effort  has  been  expended  seeking  ways  of  decreasing 
the  required  regeneration  rate  for  a  fused  display.  In  general, 
three  techniques  are  used  to  accomplish  this; 


1.  Rather  than  progressive  raster  scanning  (such  as  found 
on  the  IBM  2260  display  system  or  two  field  interlace  scanning 
(as  found  on  commercial  television  receivers) ,  more  spatially 
complex  scanning  methods  have  been  studied.  These  scanning 
methods  essentially  attempt  to  break  up  the  light-dark 
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illumination  cycle  produced  by  raster  scanning.  Examples  of 
these  efforts  are  Dcutsch's  (Ref.  106)  pseudo-random  dot  scanning, 
Pitbaldo,  Lincoln  and  Kaufman's  (Ref.  194)  dot-line  interlace 
system,  and  Bell  Laboratory's  (Ref.  142)  phonovision  scanning 
system.  Engineering  difficulties  with  some  of  these  techniques 
are  formidable  and  in  some  instances^  have  not  been  resolved. 

For  further  discussion  see  Ref.  272. 

2.  Longer  persistence  phosphors  have  been  used  in  order  to 
reduce  refresh  rate.  However,  some  of  the  characteristics  of 
the  longer  persistence  phosphors  (image  smearing,  image  blocking, 
emission  qualities,  engineering  characteristics)  may  not  be 
acceptable,  particularly  for  flignt  displays  where  higher  in¬ 
formation  up-date  rates  are  required. 

3.  Finally,  by  filtering  out  the  short  component  (the 
residual  light  from  aberrated  sources  or  secondary  emissions) 
of  a  cascade  phosphor  (P7  for  example) ,  the  overall  display 
luminance  level  is  reduced.  With  reduced  luminance  levels, 
lower  refresh  rates  are  required.  (It  must  be  remembered  that 
filtering  will  also  reduce  total  display  or  emitter  luminance.) 

Gould  (Ref.  141)  reviewed  the  literature  and  concluded 
that  the  commercially  accepted  60  cps  standard  for  regeneration 
would  probably  be  sufficient  to  prevent  the  perception  of 
flicker  in  most  electronically  generated  displays.  Gould  also 
compiled  the  results  of  several  of  these  studies  showing  the 
established  regeneration  rates  for  a  number  of  commonly  used 
phosphors  (Table  85a).  From  this  table,  Gould  concluded  that 
the  regeneration  rate  for  each  phosphor  (with  the  exception  of 
P28)  in  rank  order  fashion  coincide  rather  well  with  the  per¬ 
centage  of  residual  light  remaining  at  specific  time  intervals 
after  excitation  ceases.  However,  the  regeneration  rates  were 
not  significantly  affected  by  variations  in  phosphor  persistence. 
His  results  auid  conclusions  were  based  on  90%  correct  identifi¬ 
cation  (rather  than  the  usual  50%  threshold) . 

A  coiq>arison  of  Table  85a  and  Table  85b  (also  from  Gould) 
indicates  that  several  of  the  currently  employed  commercially 
available  CRT  display  systems  have  regeneration  rates  that  fall 
short  of  the  marginal  refresh  rates  found  by  Gould. 

Crook  et  al.  (Ref.  94)  conducted  a  series  of  experiments 
to  determine  if  luninance  reintensifications  (refresh  rates)  at 
frequencies  above  the  critical  fusion  frequency  for  a  given 
display  were  factors  in  the  reading  of  simulated  visual  displays. 
Crook  and  his  co-workers  used  refresh  rates  ranging  from  40  to 
300  Hertz  under  the  same  illumination  conditions.  The  results 
of  their  studies  indicated  that  refresh  rates  above  CFF  had  no 
significant  effect  on  observer  performance. 

Ketchel  and  Jenney  (Ref.  206)  reviei#ed  the  pertinent 
literature  and  concluded  that  even  with  tne  inconsistencies 
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Table  85b.  Manufacturer's  Specifications  for  Representative  Computer-Controlled 

CRT  Displays. 
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found  in  the  vairious  studies,  some  attempt  at  standardization  of 
refresh  rates  for  electronic  displays  was  still  possible-  The 
values  they  recoimiend  were  "reasonably  safe  approximations"  to  be 
applied  under  standard  viewing  conditions. 

Ketchel  and  Jenney  stated  that  in  the  case  of  the  head-up 
type  display,  %rhere  the  background  lumincince  is  of  high  intensity 
and  symbology  consists  of  discrete  lines  rather  than  a  complete 
raster,  the  CFF  tends  to  be  lower  than  it  would  be  if  a  raster 
display  and  a  dirniner  background  were  used.  They  cite  an  instance 
where  one  head-up  display  was  flight  tested  with  a  refresh  rate 
of  45  cps  and  a  writing  rate  of  660  microseconds  without  evidence 
of  annoying  flicker.  In  this  case,  green  P31  phosphor  was  used 
on  a  display  that  subtended  a  12  degree  area  of  visual  angle. 

They  recommend  50  cps  as  a  standard  for  head-up  displays. 

For  raster  tyi>e  displays  with  2:1  interlacing,  they  rectxn- 
mend  the  standcird  60  cps  to  be  applied  to  airborne  displays. 

Ketchel  and  Jenney  add,  however,  that  the  above  recommenda¬ 
tions  should  serve  as  guides  only  and  are  not  intended  to  be  hard 
euid  fast  requirements  for  all  applications.  The  display  designer 
should  have  the  freedom  to  deviate  from  the  standard  to  achieve 
goals,  but  the  burden  of  proof  that  such  deviation  will  not 
create  adverse  flicker  is  upcm  the  designer. 

Meister  and  Sullivan  (Bef.  232)  recommend  that  for  character 
displays,  the  refresh  rate  should  be  greater  than  30-40  Hertz. 
They  cite  Barmack  and  Sinaiko  (Ref.  16)  who  state  that  flicker 
can  be  eliminated  from  most  electronic  displays  if  the  regener¬ 
ation  (pulse)  rate  is  above  35  Hertz.  They  add,  however,  that 
some  flicker  is  notice^lble  with  average  display  brightness  unless 
the  repetition  rate  is  at  least  50  Hertz.  These  recommendations 
are  for  viewing  under  "normal"  luminance  levels,  and  the  60  cps 
does  not  hold  for  emitted  luminances  above  180  Ft.  Lamberts. 
Meister  and  Sullivan  included  a  graph  of  the  regeneration  rate 
for  several  commonly-used  phosphors  as  a  function  of  luminance 
level  (Bryden,  Ref-  54)  ,  but  these  do  not  exceed  100  Ft.  Lamberts 
(Figure  180) . 

In  television,  a  standard  rate  of  30  images  (frames)  per 
second  %^s  chosen  because  this  frequency  and  the  effective  rate 
are  related  to  a-c  power  line  frequency  (60  Hertz).  This  choice 
of  frame  sequence  rate  necessitates  less  filtering  to  eliminate 
a-c  ripple  (called  "hum"  in  audio  systems) .  With  24  frames  per 
second,  for  example,  rippling  that  is  not  eliminated  by  filtering 
produces  a  weaving  motion  in  the  reproduced  image. 

Actually,  to  eliminate  all  traces  of  flicker,  an  effective 
rate  of  60  frames  per  second  should  be  employed  for  TV-  This  can 
be  accomplished  by  increasing  the  downward  rate  of  travel  of  the 
scanning  electron  beam  so  that  every  other  line  is  excited  in¬ 
stead  of  every  line.  When  the  bottom  of  the  page  is  reached,  the 
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scanning  beam  returns  to  the  top  of  the  display  to  excite  those 
rows  missed  in  the  previous  scanning.  Both  of  these  operations 
take  about  1/30  seconds  (1/60  sec.  for  odd  lines  and  1/60  sec. 
for  even  lines)  cuid  since  the  eye  cannot  separate  the  two  scans, 
the  effective  rate  becomes  60  fraunes  per  second  and  no  flicker 
is  perceived.  This  method  of  television  scamning  is  called 
interlaced  scanning. 

Haurshbarger  (Ref.  159)  also  suggests  the  60  cps  be  used  with 
the  normal  2:1  TV  interlace.  He  points  out  that  the  bandwidth, 
which  is  the  information  handling  capacity  in  bits/second,  sets 
the  limits  of  the  systems  performance.  Since  bandwidth  is  an 
inverse  function  of  the  regeneration  rate,  the  latter  should  be 
maintained  at  as  low  a  level  as  possible  in  order  to  maximize 
the  channel  capacity.  With  the  standard  525  line  format  (with 
time/line  T.  =  63.4  y  sec.),  the  channel  capacity  should  be 
ideally  4,o6o  bits/line.  With  these  parameters,  8  to  10  shades 
of  gray  will  be  available  for  low-resolution  detail,  but  this 
would  be  reduced  to  3  to  4  for  high- resolution  detail. 


Figure  180.  Refresh  Rate  as  a  Function  of  Luminance  for 
Flicker-Free  Performance  with  Several  Commonly  Used  Phosphors. 
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Barmack  and  Sinaiko  (Ref.  16)  suggest  that  any  pulsed  light 
to  be  perceived  as  a  solid  should  be  generated  at  a  rate  above 
30  Hertz.  The  exact  rate,  however,  they  concluded  wcis  a  function 
of  the  display  situation  cuid  pcirticularly  the  illuinination  levels 
concerned.  At  0.01  Ft.  Lamberts,  for  excucple,  a  flicker  free 
display  may  be  generated  at  a  rate  as  low  as  20  Hertz,  but  at  100 
Ft.  Leunberts,  fusion  may  not  occur  until  60  Hertz  is  reached. 

Humes  and  Bauerschmidt  (Ref.  175) ,  in  a  series  of  experi¬ 
ments  excunining  some  of  the  parameters  of  low-light  level  TV, 
reaffirm  the  general  findings  and  recommendations  made  by 
Bibezman  (Ref.  29)  that  commercial  TV  standards  are  not  necessar¬ 
ily  appropriate  for  military  tise.  The  results  of  his  experiments 
led  Humes  to  recaoBnend  that  a  bandwidth  of  17  MHz  or  more  be 
used  in  airborne  military  applicaticxi.  He  also  recaamends 
1,029  scan  lines  as  opposed  to  the  conven'tionc 525  lines  in 
commercial  TV.  It  is  unfortunate  that  this  series  of  studies 
did  not  specify  the  brightness  levels  of  the  experimental  condi¬ 
tion  other  than  "normal  daylight"  level-  Because  of  this 
limitation,  the  generalization  of  these  findings  must  be  limited. 
These  results  do,  however,  indicate  the  trend  away  from  the 
limitations  artificially  imposed  by  commercial  standards. 

Data  are  not  available  in  the  literatiire  addressing  the 
refresh  rate  requirements  for  solid-state  displays.  It  would 
appear  logical,  however,  that  because  of  the  unique  character¬ 
istics  associated  with  these  types  of  displays  that  flicker  does 
not  present  a  major  problem.  Currently  used  AC  electroluminescent 
displays,  for  example,  have  refresh  rates  as  high  as  400  Hertz  and 
up,  so  that  even  w4.th  almost  instantaneous  rise-decay  times  the 
eye  %»ould  have  to  integrate^more  than  400  bxirsts  of  light  over  a 
given  second,  %diich  is  well  above  CFF  for  any  luminance  level. 

Light  emitting  diodes  \j(which  are  primarily  DC)  have  refresh  rates 
as  high  as  5,000  cps,  while  AC  planar  gas  discharge  displays  have 
refresh  rates  from  60  cps  to  over  800  cps.  The  latter  may  have  a 
propensity  to  flicker  at  the  lower  refresh  rate,  but  this  can  be 
controlled  by  applying  a  low  voltage  DC  current  to  the  display 
which  maintains  it  at  a  state  just  below  excitation,  so  that  when 
the  AC  ch2u:ge  is  applied,'  it  is  instantaneously  excited  to  its 
maximum  and  then  decays  only  to  this  semi-excited  stage. 

The  above  refresh  rates  appear  to  be  adequate  to  cc^>e  with 
the  relatively  high  luminance  outputs  from  solid-state  displays. 

On  occasion,  however,  individual  emitters  or  small  areas  of 
emitters  may  appear  to  flicker  on  large  displays  if  the  separate 
areas  have  refresh  rates  that  are  slightly  out-of-synchronization. 

Another  unicpie  characteristic  of  light  emitting  diode  displays 
is"  the  relatively  short  (10“’  second)  pulse  duration  of  each 
individual  flash.  It  is  recalled  from  the  discussion  of  persist¬ 
ence  of  vision  (addressed  in  the  visual  acuity  section),  that  the 
eye  retains  the  stimulation  sensation  for  brief  periods  (40  to  100 
msec.)  after  the  stimulus  is  removed,  and  then  gradually  allows 


it  to  disappear.  In  addition,  the  preceding  section  discussed 
the  fact  that  the  eye  tends  to  integrate  and  average  the 
luminance  presented  in  0.1  second  intervals.  In  light  of  the 
two  above  observer  phenomena,  it  may  be  concluded  that  the  flash 
duration  is  not  a  contributing  factor  in  flicker  detection  as 
long  as  the  refresh  rate  is  sufficiently  high  to  allow  the  eye 
to' integrate  and  persist. 

In  conclusion,  results  of  this  review  generally  indicate 
that  the  standard  30  cps,  2:1  interlaced  display  is  indeed  the 
industrial  standard,  even  for  military  use.  Personal  communica¬ 
tions  confirmed  that  a  number  of  commercially  available  contact 
analog  displays,  head-up  displays,  etc.,  use  this  standard. 
Additionally,  current  available  handbooks  and  design  guides 
recommend  the  above  standards.  Table  86  summarized  these 
recommendations  from  a  representative  sample  of  these  guides. 


Table  86.  Summciry  of  Representative  Refresh  Rate 

Recommendations . 


Author 

HUD 

Display 

CRT  Display 

Number 

TV  Lines. 

Gould, 

(Ref.  141) 

None 

60  cps 

30  cps  2:1 
interlace 

525 

Kctchel  &  Jenney 
(Ref.  206) 

50  cps 

60  cps 

Meister  &  Sulli¬ 
van  (Ref.  232) 

50  cps 

Barmack  et  al. 
(Ref.  16) 

30  -  36  and 
up,  depend¬ 
ing  on 
liiminance 
level 

Uarshbarger 
(Ref.  159) 

60  cps  2:1  . 
interlace 

525 

Humes  et  al. 
(Ref.  175) 

Above  60  cps 

1,029 

On  the  other  hcuid,  no  evidence  has  been  found  to  indicate 
that  the  recommended  commercial  standards  have  been  experimental¬ 
ly  evaluated  under  airborne  oierational  conditions  with  their 
inherent  high  illumination  levels.  As  with  the  other  sections 
covered  in  this  report,  considerable  work  remains  to  be  done  in 
this  area.  The  research  should  include  consideration  of  all  the 
parameters  affecting  regeneration  rates.  Additionally,  creative 
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experimental  research  with  the  many  different  generating 
techniques  may  lead  to  methods  of  generating  displays  without 
the  intrinsic  limitations  imposed  by  present  television 
standards . 

Biberman  (Ref.  29)  ,  commenting  on  the  inappropriateness  of 
commercial  television  standards  for  military  application,  notes 
that  there  is  a  fundamental  limitation  to  the  information  content 
that  can  be  formed  by  image  tubes  at  low-light  levels  (photon 
noise  and  manufacturing  limitations)  .  He  states  that  this  could 
probably  be  resolved  by  increasing  the  size  of  the  tiibe,  increas¬ 
ing  the  light  emitted  from  the  tube,  or  both.  The  basic  problem, 
as  he  sees  it,  is  the  fact  that  low-light  level  television  is  not 
keeping  pace  with  the  capabilities  of  low-light  level  sensory 
equipment. 

Biberman  concludes  that  present  cameras  could  produce  two 
to  ten  times  the  resolution  now  transmitted  from  525  line,  2:1 
interlaced,  30  frame/second  Ccimera.  The  4  megacycle  bandwidth 
limitation  legally  limiting  commercial  television  (to  avoid  TV 
bands  from  interfering  with  each  other)  need  not  apply  to  the 
military.  The  military  application  of  this  type  of  display  hcis 
considerabxe  latitude  in  this  respect.  He  notes,  in  conclusion, 
that  the  conventional  525  line,  2:1  interlaced,  30  frames/second 
format  is  not  subject  to  any  major  improvements  in  quality. 

Flicker  does  not  appear  to  be  a  problem  on  most  of  the 
solid-state  type  of  displays,  for  as  yet,  there  have  been  no 
exploratory  or  evaluative  research  studies  conducted  in  these 
cireas.  Most  of  the  valid  flicker  research  has  been  confined  to 
CRT  and  CRT-type  displays,  but  some  basic  generalizations  can  be 
drawn.  One  of  these  is  the  fact  that,  if  the  refresh  rate  is 
high  enough,  the  eye  will  integrate  the  pulses  of  light  (appar¬ 
ently)  regardless  of  the  luminance  intensity  of  the  emitted  light 
and  the  duration  of  the  flash  exposure. 

Line  %n:itten  displays  are  similar  to  raster  scanned  displays 
with  the  exception  of  the  non-systematic  addressing  of  the 
various  areas  of  the  display  surface.  It  is  more  likely  that 
individual  symbols  will  flicker  in  the  line  written  display  thcin  the 
display  as  a  whole.  This  inter-symbol  flicker  can  be  eliminated 
by  properly  addressing  other  areas  of  the  display  surface. 

Liqht-To- Dark- Ratio 

At  high  frequencies,  rapid  intermittent  stimulations  lose 
their  identity  and  the  resulting  sensation  is  that  of  a  unifora 
luminance  equivalent  to  that  produced  by  a  steady  stimulus  with 
the  same  average  luminance.  This  relationship  is  known  as  the 
Talbot-Plateau  Law  and  is  mathematically  expressed  by: 

Li  =  I J  Lz  (t)  dt 
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where  T 
Lj 
Lz 


the  fluctuation  period 

the  equivalent  steady  state  luminance 

the  intermittent  stimulus  lumincuice 


The  Talbot  prediction  expressed  by  the  above  equation  has 
been  found  to  be  valid  for  higher  frequencies  of  flashing  light 
with  the  perceived  brightness  being  a  function  of  the  light-to- 
dark  ratio  (LDR)  of  the  intermittent  stimulation.  Figure  181 
demonstrates  the  relation  between  the  light-to-dark  ratio  and  the 
perceived  brightness.  It  is  observed  that  the  higher  tne  LDR 
(farther  away  from  unity  -  LDR  1:1) ,  the  closer  the  perceived 
brightness  is  to  that  of  the  steady  state  luminance.  At  lower 
frequencies,  however,  a  number  of  interesting  deviations  are 
observed.  At  frequencies  between  2  and  18  Hertz,  a  brightness 
enhancement  is  (^served  which  reaches  an  asyiiq>tote  in  the 
vicinity  of  the  individual  cortical  alpha  rhythm.  The  greatest 
enhancasent  occurs  with  a  light-to-dark  ratio  of  1:1  and  results 
in  a  brightness  sensation  nearly  twice  that  produced  by  a  steady 
light  source,  and  four  times  that  predicted  by  Talbot's  Law. 

Bartley  (Ref.  386)  examined  the  interaction  of  CFF  and 
light-to-dark  ratios,  and  concluded  that  rather  large  changes  in 
the  LOR  result  in  relatively  small  chcuiges  in  the  CFF  with  the 
same  luminance  level.  Figure  182  shows  the  relationship  of 
several  different  LDRs  at  a  given  luminance  level.  It  is  ob¬ 
served  that  the  greater  the  light-to-dark  ratio,  the  lower  the 
overall  CFF,  particularly  for  higher  luminance  intensities. 


LDR=8:1 

LDI^7:2 

LDR=1:1 


Figure  181.  Relationship  Between  Perceived  Brightness, 
and  Flash  Rate  for  Several  Light-To-Dark  Ratios. 


420 


Another  aspect  of  the  light-to-dark  ratio,  the  flash 
duration,  also  has  a  direct  effect  on  the  CFF  and  on  the 
apparent  brightness  of  the  flash.  The  effects  of  flash  duration 
on  the  apparent  intensity  of  the  light  source  are  presented  in 
Figure  183.  The  data  for  this  figure  were  derived  from  a  study 
using  a  stecidy  light  source  which  was  just  barely  discemable  to 
the  observer  as  the  datum  reference  point  with  a  relative  in¬ 
tensity  level  of  unity.  The  figure  indicates  that  small 
increases  in  the  relative  intensity  is  required  (down  to  flash 
durations  of  0.2  seconds)  for  an  apparent  increase  in  intensity. 
For  flash  durations  of  less  than  0.1  seconds,  however,  the 
required  relative  intensity  needed  for  an  apparent  change  in 
intensity  increases  as  an  inverse  function  of  time.  For  exaiiq>le, 
if  the  flash  duration  is  about  0.003  second,  the  intensity 
relative  to  a  steady  light  must  be  increased  by  a  factor  of  100. 
The  curve  in  Figure  183  can  also  be  approximated  by: 

®  “  =0  [^] 

tdiere  E  =  intensity  of  the  flashing  source  reqpiired  to 
appear  as  bright  as 

E  =  intensity  of  the  steady  light 

t°  =  duraticm  of  the  flash  in  seconds 

a  =  curve  fitting  constant  equal  to  0.21  second 

An  interesting  i]i^>lication  of  flash  durations  of  less  than 
200  milliseconds  was  observed  by  Helsen  and  Steger  (Ref.  382) . 
They  observed  that  reaction  time  to  a  single  light  stimulus  (Si) 
was  inhibited  by  an  immediate  presentation  of  a  second  stimulus 
(S2).  The  inhibition  of  reaction  to  the  first  light  stimulus 
occurred  when  S2  was  delayed  by  more  than  10  msec.,  peeiked  vrhen 
S2  was  delayed  100  msec. ,  and  disappeared  when  S2  was  delayed 
by  more  than  170  msec.  Maximim  reaction  inhibition  occurred  at 
cU>out  100  msec,  delay  and  resulted  in  a  28  msec,  reaction  delay. 

Alpem  (Ref.  6)  discovered  a  seemingly  related  effect  in 
his  study  of  metacontrast.  He  found  that  the  apparent  bright¬ 
ness  of  Si  was  decreased  by  an  equivalent  of  Helsen  and  Steger* s 
S2  when  S2  was  delayed  frcm  50  to  200  msec.  Alpem  further 
noted  that  increasing  the  brightness  of  S2  also  decreased  the 
apparent  brightness  of  Si.  It  has  been  suggested  by  Vreuls  and 
Schmidt  (Ref.  338)  that  these  data  may  reflect  different  mea¬ 
sures  of  the  same  time-ordered  process  of  inhibition,  which 
underlies  both  measures. 

Vreuls  and  Schmidt  attempted  to  examine  the  nature  of  this 
underlying  process  by  measuring  reaction  times  at  stimulus 
intensities  that  were  high  enough  to  drive  the  probability  of 
detection  and  response  to  neeur  unity.  Vreuls  2uid  Schmidt 
hypothesized  that  the  inhibition' of  reaction  time  shown  by 
Helsen  and  Steger  occurred  in  the  metacontrast  stimulus  situation. 
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Figure  182.  CFP  as  a  Function  of  Different  Light-Dark 
Ratios.  (After  Bartley,  Ref.  386) 


Figure  183.  Visibility  of  Flashing  Light  Source.  (Ref.  33) 
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Eight  subjects  (20/20  or  better  acuity)  viewed  stimuli  presented 
by  two-channel  tachistoscope  and  responded  by  depressing  a 
microswitch  moimted  on  a  flat  board.  Observer  reaction  time  was 
measured.  Five  intervals  of  delay  were  used  between  the  pre¬ 
sentation  of  Si  and  S2  (0,  50,  100,  150  and  200  msec.).  The 
results  of  the  study  are  summarized  in  Figure  184. 

It  is  observed  that  the  pealc  inhibition  again  occurred  at  a 
delay  time  of  100  msec. ,  but  in  this  study  it  accounted  for  only 
a  mean  average  delay  of  8  msec.  The  mecui  inhibition  was  curvi¬ 
linear  (p  <  .05),  but  was  only  clearly  shown  for  6  of  the  8 
subjects.  Additionally,  increasing  the  brightness  of  S2  did  not 
increase  the  inhibition  time,  contrary  to  predictions  based  upon 
the  me t aeon tr cist  data.  (The  differences  between  the  Helsen  and 
Steger  data  and  Vreuls  and  Schmidt  data  may  be  account  for  by 
the  differences  in  area,  raise-time,  color  temperature  and 
intensity  of  the  stimuli  used. ) 

Anderson  etal.  (Ref.  8)  reviewed  a  number  of  studies  on 
light-to-dar)c  ratios  and  revealed  that  the  slope  ai>d  the 
asymptotic  values  for  CFF  curves  vary  as  a  function  of  the 
lumincince,  light-to-dark  ratios,  and/or  the  area  of  the  test 
patch.  Table  87  suimnarizes  some  of  the  findings  from  their 
review.  Anderson  and  his  co-workers,  however,  concluded  that  a 
number  of  in^rtant  varicibles  (surround  luminance,  light  or  dark 
adaptation  of  the  eye,  and  the  pupil  size)  were  not  controlled 
for  in  the  studies  which  they  reviewed.  Consequently,  they 
conducted  an  experiment  of  their  own  which  attempted  to  control 
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DELAY  INTERVAL  IN  MSEC. 


Figure  184.  The  Inhibitory  Effect  of  a  Second  Stimulus  on 
Reaction  Time  to  a  Primary  Stimulus. 

(After  Vreuls  and  Schmidt,  Ref.  338) 
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for  these  variables.  Results  of  this  experiment  are  summarized 
in  Figure  185.  Essentially,  the  results  show  that  CFP  increases 
as  the  flash  duration  increases  from  between  0.1  and  0.2  second 
per  exposure  under  all  the  stimulus  ccxiditlons  in  the  experiment 
(high  illumination  level  of  1,000  Ft.  Lamberts,  low  illumination 
level  of  100  Ft.  Lamberts,  LDRs  of  9:1,  5:5,  1:9  for  both  il¬ 
lumination  levels) .  Further,  a  gradual  increase  in  the  CFF  is 
observed  for  exposure  times  ranging  frcm  0.5  to  0.9  seccmds  per 
e:q>osure  (under  the  high  luBu.nance  condition) .  Exposures  in 
excess  of  400  milliseconds  generally  did  not  produce  significant 
increases  in  the  CFF  level.  Finally,  the  high  luminance  levels 
generally  produced  higher  overall  CFP  levels  for  all  exposure 
times  and  at  all  light- to-dcurk  ratios. 

No  data  %fere  found  addressing  exposure  durations  of  less 
than  100  milliseccxids.  However,  it  is  known  that  the  retina 
exhibits  temporal  integration  within  finite  limits.  For  exa^le, 
threshold  excitations  can  remain  unchanged  vriiile  decreasing  the 
luminance  of  the  stimulus  if  the  exp>osure  duration  is  increased 
such  that: 


BT  =  K 

trtiere  B  =  the  stimulus  luminance 

T  =  duration  of  exposure  of  the  stimulus 
K  =  a  constant  threshold  value 


LDR  1:9 
LDR  1:9 

LOR  5:5 

LDR  5:5 
LDR  9:1 

LDR  9:1 


Exposure  Duration  in  Milliseconds 


Figure  185.  CFF  as  a  Function  of  Exposure  Duration  and  LOR 
for  High  (1,000  Ft.L.)  and  Low  (100  Ft.L.)  Luminance  Levels. 
(After  Anderson  er  al. ,  Ref.  8) 
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This  expression  is  kno%m  as  the  Bunsen-Roscoe  Law  and  is 
applicable  for  values  of  T  on  the  order  of  50  to  100  msec,  or 
less.  These  relationships  do  not  appecur  to  hold  for  values 
above  the  100  msec,  level.  However,  for  periods  of  time  of 
less  than  0.1  second,  the  product  of  the  time  euid  the  contrast 
is  a  constant  for  a  given  threshold  response.  This  time- 
luminance  reciprocity  is  a  feature  of  the  visual  system.  That 
is,  the  fovea  has  the  property  of  integrating  at  each  point  all 
of  the  radiation  it  receives  within  the  time  interval  of  0.1 
second  (Ref.  226) .  This  means  that  the  visual  response  for 
short  time  signals  (as  might  be  generated  on  CRTs  or  solid-state 
displays)  can  be  characterized  by  the  integration  of  the 
liiminance  level  average  over  0.1  second. 

The  in^lications  of  the  Bunsen-Roscoe  Law  may  have 
significant  impact  on  solid-state  displays  which  have  high 
luminance  intensities  (with  almost  a  square  wave  on/off  duty 
cycle)  with  relatively  short  exposure  durations.  If  a 
theoretical  solid-state  system  had  a  refresh  rate  of  60  cycles 
per  second,  there  would  be  60  flashes  per  seoonc^  and  assuming 
the  square  wave  duty  cycle,  each  flash  would  have  a  duration  of 
1/60  of  1/60  second.  But,  in  accordaace-Wi  th  the -Bunsen-Roscoe 
Law,  1/10  of  a  second  wuld  include  1/10  x  60  Hertz  or  6  flcushes 
per  0.1  second.  Therefore,  the  perceived  brightness  would  be 
the  average  of  the  brightness  of  the  6  flauihes  occurring  in  the 
0. 1  second.  Increasing  the  duration  of  the  exposures  would 
increase  the  apparent  brightness  of  the  display, while  decreasing 
the  duration  of  exposure  would  reduce  the  apparent  brightness. 
Likewise,  the  same  apparent  brightness  can  theoretically  be 
maintained  by  simultaneously  decreasing  the  lumineince  level  of 
the  display  and  increasing  the  flash  duration.  No  quantitative 
data,  however,  have  been  found  to  support  the  eibove  suppositions 

Phosphor  Characteristics  - 

A  number  of  phosphor  characteristics  must  be  considered  in 
the  process  of  selecting  a  phosphor  for  a  display  (crystal  size, 
life  span,  bum  chciracteristics,  spectral  qualities  of  the 
emitted  light) .  However,  for  the  determination  of  flicker 
producing  quality  (or  flicker  eliminating  qualities) ,  the 
phosphor  rise-decay  time  is  the  primary  consideration.  A  great 
deal  of  confusion  is  evident  in  the  literature  with  regard  to 
the  terminology  used  in  discussing  phosphor  decay  characteris¬ 
tics.  Consequently,  prior  to  embarking  on  a  discussion  of  these 
characteristics,  a  brief  explanation  and  definition  of  some  of 
the  terms  to  be  addressed  is  in  order. 

Phosphor  luminescence  is  the  process  of  converting 
electrical  energy  into  visible  light,  and  includes  in  the 
process, the  excitation  (build-up)  phase  and  decay  (persistence) 
phase  in  a  phosphor  stimulation  cycle  (Leverfenz  Ref.  214) . 

Figure  186  illustrates  this  cycle  and  affixes  appropriate 
nomenclature  to  the  various  phases  of  the  cycle. 
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since  it  is  the  emitted  radiation  from  the  phosphor  crystal 
which  is  of  practical  iJnport^lnce  in  display  design,  numerous 
measurements  have  been  made  of  phosphor  emission  qualities, 
and  these  mecisurements  have  been  plotted  on  thousands  of 
spectrcLL-distribution  curves.  Unfortunately,  not  all  of 
these  measurements  have  been  made  using  the  same  standards  or 
under  similar  conditions.  A  large  number  of  parametric  varia¬ 
tions  could  affect  the  data  derived  frooi  these  studies.  Leverenz 
(Ref.  214),  however,  concludes  that  the  three  major  factors 
affecting  emission  qualities  that  should  be  controlled  for  are: 
(1)  the  composite  structure  of  the  crystal  and\the  crystal 
molecule,  (2)  the  kinds  euid  amounts  of  impurities  present  in  the 


Time  (Seconds) 

Figure  186.  Terminology  of  Luminescence  During 
Rise  and  Decay  Processes. 
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phosphor  and  (3)  the  thexaal  agitation  (teoperature)  properties 
of  the  excited  phosphor. 

Gould  (Ref.  141)  states  that  the  phosphor  decay  charact^- 
istic  is  the  primary  determin2uit  of  the  display  regeneration 
rate,  and  that  it  is  desirable  to  have  the  regeneration  rate 
low  as  possible.  This  results  in  the  prc^ensity  to  use  long^ 
persistent  phosphors  in  displays.  (See  Figure  187.)  However^ 
a  number  of  factors  other  than  persistence  rate  must  be  evalhf 
ated  in  the  selection  of  a  phosphor  for  an  electronic  displa]^ 

The  screen's  efficiency/  the  optimum  bias  .for  excitation,  thof 
energy  requirements  for  the  type  of  phosphor  used  and  the  f 
required  brightness  of  the  display  surface  are  but  a  few  of  ffhese 
parameters  to  be  traded-off  in  this  decision.  In  addition,  > 
Luxenberg  and  Kuehn  (tef.  226)  list  seven  additional  requir^ 
ments  that  influence  the  display  designer's  decision: 

1.  High  instantaneous  intrinsic  luminance  qualities  oIE' 

the  phbsphor. 

2.  Stability  and  life-span  under  bombardment.  , 

3.  Suitable  electrical  properties. 

4.  Vapor  pressure  requirements.  . 

5.  Suitable  color  characteristics. 

6.  Suitable  phosphorescence  cha,racteristics .  / 

7.  Degree  of  linear  variations ; of  luminance  with  / 

variations  in  beam  curreni. 

With  all  these  tradeoff  considerations,  the  selection  of 
a  phosphor  with  the  desired  persistence  characteristics  i,s  often 
quite  difficult.  To  compound  the  matter,  certain  character¬ 
istics  of  a  given  phosphor  (emitted  apparent  brightness, 'C.F.F. ) 
tends  to  vary  from  one  observer  to  the  next.  This  mates  the 
establishment  of  the  phosphor  characteristics  difficult  in  the 
first  place. 

/ 

Gibbons  and  Howarth  (Ref.  137),  Kelley  (Ref.  198)  and 
Turnage  (Ref.  332)  realiz^  this  problem  and  attempted  to  use 
fre<iuency  analysis  to  predict  certain  phosphor  characteristics. 
They  predicted,  for  example,  that  phosphors  with  a  relatively 
high  percentage  of  residual  light,  following  the  completion  of 
each  regeneration  of  the  display,  will  have  relatively  low 
modulation  amplitudes.  This  same  technique  has  been  utilized 
to  establish  human  performance  characteristics  of  different 
phosphors.  Tumage  (1966)  decided  to  extend  this  method  to  the 
eye-phosphor  system  rather  than  to  each  individually.  He 
reasoned  that  this  %fould  be  the  most  reliable  measure  of  the 
combined  eye-phosphor  characteristics  under  conditions  pre¬ 
vailing  in  the  operational  system  itself. 

In  cin  experiment  conducted  to  examine  the  CPF  of  different 
commonly  used  phosphors,  Turnage  (Ref.  332)  examined  PI,  P4, 

P7,  P12,  P20,  P28  and  P31  under  10  Ft.  Candles  of  ambient 
illumination  incident  to  the  surface  of  the  display  itself. 
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He  estad>lished  contrasts  of  5:1  and  10:1,  with  sine  wave  and 
pulse  modulation  and  used  characters  5/32  inch  high  viewed  at 
18  inches.  The  data  from  these  tables  have  been  combined  and 
are  plotted  in  Figure  188. 

An  examination  of  Table  88  reveals  that  he  obtained  CFF 
values  for  the  human-display  system  that  were  substantially 
lower  than  those  values  predicted  from  laboratory  CFF  data  on 
humans  alone.  From  this  experiment,  the  phosphors  examined  have 
been  ranked  according  to  their  likelihood  to  produce  flicker  in 
a  given  situation. 


Table  88.  Rank  Ordering  of  Phosphors  According  to  their 
Flicker  Producing  Qualities.  (From  Tumage,  Ref.  332) 


P12  -  Least  likely  to  produce  in  a  given 

situation. 

P17 

PI 

P28 

P4 

P31 

P20  -  Most  likely  to  produce  flicker. 


Davis  (Ref.  102)  reproduced  a  utility  scale  showing  the 
relative  efficiency  of  various  phosphors  with  regard  to  bright¬ 
ness  corrected  to  the  human  eye.  This  information  is  shown  in 
Teible  89. 


Table  89.  Relative  Phosphor  Brightness  Corrected 
to  Hum^  Eye.  (After  Davis,  Ref.  102) 

"  ^  ^ ^ _ 


Phosphor 

Relative  Brightness  (%) 

P31 

100 

P32 

79 

P20 

77 

P2 

76 

P28 

43 

P7 

'  43 

P4 

43 

PI 

.  32 

P19 

45 

Pll 

10 
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L88.  Critical  Fusion  Frequency  as  a  Function  of  Emitted  Luminance 
and  Phosphor  Type.  (Adapted  from  Turnage,  Ref.  332) 


This  type  of  information  is  valuable  to  the  display  de¬ 
signer  working  with  operational  requirements.  Unfortunately, 
no  validating  studies  have  been  ccmducted  on  these  results. 
Additionally,  this  type  of  man-variable  research  has  been  con¬ 
ducted  on  a  much  too  limited  scale. 

Conclusion 


The  sketchiness  of  available  data  on  the  characteristics  of 
each  type  of  phosphor  precludes  a  comprehensive  summation  of  all 
of  these  characteristics.  However,  an  effort  is  made  here  to 
collect  pertinent  information  available  on  camBonly  used 
phosphors. 

Based  on  information  supplied  by  Pyrharski  (privately 
communicated) ,  Luxenberg  and  Kuehn  (Ref.  226)  arrived  at  the 
following  conclusions.  The  persistence  of  a  phosphor  on  a  CRT 
screen  should  be  sufficient  for  observation,  but  not  so  long  as 
to  cause  smearing  with  changing  display  information.  For  most 
purposes,  the  short  persistence  phosphors  (with  decay  rates  of 
less  than  10~^  sec.)  should  be  used  with  displays  having  high 
regeneration  rates  of  slow  image  movements.  The  medium  per¬ 
sistence  phosphors  (with  decay  rates  of  not  more  than  0.1 
sec»nd)  should  be  used  with  moderate  image  movement  in  order  to 
reduce  the  possibility  of  flicker.  The  long  persistence 
phosphors  (above  0.1  second  decay  time)  axB  best  for  radar  and 
sonar  displays  where  information  change  is  infrequent  (30 
seconds  up  to  several  minutes  apart) .  These  longer  persistence 
phosphors^ consequently, require  reduced  refresh  rates. 

In  addition  to  the  brief  summary  given  above.  Table  90 
indicates  the  characteristics  of  EIA  (Electronic  Industries 
Association)  registered  standard  phosphors. 

Information  Dp-Date  Rate 

An  important  determinant  of  the  refresh  rate  for  electronic 
displays  is  the  rate  at  which  the  displayed  information  must  be 
up-dated  for  the  observer-pilot.  The  up-date  rate,  in  turn,  is 
a  function  of  the  nature  of  the  information  (highly  dynamic  or 
relatively  static) ,  the  sensor  used  to  obtain  the  information 
(radar,  data-link,  LLLTV) ,  the  criticality  of  the  information 
for  mission  performance  smd  the  observer's  time-sharing  with 
other  tasks.  In  ciny  event,  the  information  derived  from  the 
sensor  or  cocrnmnication  equipment  must  be  presented  to  the 
observer  in  sufficient  time  to  allow  him  to  make  the  necessary 
decisions  and  responses. 

The  relationship  of  intermittent  presentation  of  informa¬ 
tion  to  observer  performance  is  of  considerable  interest. 
However,  most  research  involving  this  type  of  visual-motor  tasks 
has  been  conducted  with  continuously  presented  stiiT'Uli.  The  ; 
actual  use  of  almost  all  visual  displays  involves  either  the  • 
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Table  90i  Characterlatica  of  Elactronic  Induatrlaa  Aaaoclatlon  Xaglatarad  Standard  Phoaphora. 
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intermittent  presentation  of  information  or,  as  in  radar  dis¬ 
plays,  the  intermittent  receipt  of  the  information  by  the 
observer  (The  man  observing  the  display  usually  hcis  other  tasks 
to  attend  to,  and, therefore,  must  share  his  attention  between 
tasks)  .  The  observer,  in  many  cases,  imposes  his  own  intermit- 
tency  (or  information  sampling)  on  the  display. 

Senders  (Ref.  295)  examined  the  effects  of  information 
presentation  rate  on  observer  performance  by  simultaneously 
interrupting  all  components  of  the  observer's  task.  Eight 
observers  were  required  to  track  two  pointers,  each  in  a 
separate  instrument.  They  were  scored  on  the  cunount  of  time 
that  both  pointers  were  held  within  their  designated  target 
areas.  The  dials  were  illuminated  intermittently  (but  simul¬ 
taneously)  by  means  of  a  rotating  sector  disc  in  front  of  the 
light  source.  When  illuminated,  the  brightness  of  the  white 
pointers  measured  5mL.  Four  frequencies  of  illumination  (4,  8, 

12  and  20  Hertz)  cind  four  light-time  fractions  (0.05,  0.10,  0.25 
and  0.50  where,  for  example,  0.10  =  1/10  time  'on*  and  9/10  time 
'off  per  cycle). 

The  results  of  the  study  cure  summarized  in  Figures  189  and 
190.  In  general,  performance  increased  (in  a  decelerating 
manner)  with  increasing  frequency  of  presentation  of  the  dis¬ 
played  inforn^tion.  It  is  observed  that  the  score  recorded  at 
20  flashes  per  second  is  still  considerably  below  that  obtained 
with  steady  illumination.  This,  however,  may  in  part  be  due  to 
the  flicker  effect  of  the  flashing  light.  Likewise,  increasing 
the  flash  duration  increased  the  performance,  but  again  it  was 
less  than  obtained  with  steady  illumination.  Performance  with 
light-time  fraction,  however,  was  more  nearly  linear  them  with 
frequency  of  presentation  variation.  This,  perhaps,  suggests 
that  the  duration  of  the  flash  is  more  significant  as  a  factor 
in  observer  performcmee  than  the  number  of  flashes  per  second. 

Ccirel  (Ref.  58)  states  that  the  up-date  rate  should  be  at 
least  double  the  natxiral  frequency  of  the  displayed  information, 
or  double  the  response  rate  of  the  pilot,  whichever  is  lower. 

For  example,  with  a  pilot  response  rate  of  four  cycles  per 
second,  the  up-date  rate  for  rapidly  changing  information  should 
be  at  least  8  cycles  per  second. 

In  general,  the  larger  the  anticipated  interval  (the  farther 
ahead  the  'pilot  can  see  in  time  or  space) ,  the  slower  the  up¬ 
date  needs  to  be;  and, conversely,  the  shorter  the  anticipated 
interval,  the  more  rapid  the  information  up-date  needs  to  be. 

At  this  point,  however,  the  exact  nature  of  this  relationship 
has  not  been  quantitatively  defined.  It  is  obvious  that  a 
slowly  changing  data  rate  with  a  large  anticipation  interval 
would  yield  smooth  operator  performance,  and  vice  versa. 

In  addition  to  the  information  requirement  for  the  refresh 
rate,  tlie  phosphor  characteristics  need  to  be  accounted  for. 
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Simultanaoul  Tim*  on  Targot  (t)  P*  Simultanoous  Tima  on  Target  (t) 


Frequency  of  Intermpfion 
(Flashes/Seoond) 


e  189.  Perfozaanoe  as  a  Function  of  Inforaation 
Presentation  Rate.  (Proei  Senders,  Ref.  295) 


Light-Time  Fraction 
(%  On) 

Figure  190.  Performance  as  a  Function  of  FI 
Duration  (1  Time  On).  (From  Senders,  Ref. 
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with  a  short  persistence  phosphor  and  a  rapidly  changing  infor¬ 
mation  rate,  a  jumping  effect  could  result  on  the  display.  On 
the  other  hcuid,  too  slow  a  phosphor  decay  rate  could  produce 
undesirably  long  'tails*  on  the  moving  images  or  obscuration  of 
smaller  images. 

From  the  limited  pertinent  data  available,  it  can  be  con¬ 
cluded  that  observer  performance  increases  as  the  rate  of  infor¬ 
mation  presentation  of  displayed  information  is  increased.  At 
the  same  time,  it  appears  that  observer  tasks  impose  basic 
limitations  on  the  amount  of  information  received,  even  if 
continuous  up-dating  of  the  display  is  possible.  This  relation¬ 
ship,  however,  is  dependent  upon  the  type  and  criticality  of  the 
task  being  performed,  the  nature  of  the  information  cmd  the 
sensor-display  system.  The -precise  nature  of  this  relationship 
is  not  known  and  it  appears  that  further  research  in  this  area 
is  warranted. 

The  conclusions  and  conments  made  by  Carel  (Ref.  58)  on 
information  up-date  rate  have  obviously  been  carefully  consid¬ 
ered  and  evaluated.  They  are,  however,  speculative  in  nature 
and  have  not  been  experimentally  verified.  Validation  of  these 
conclusions  would  appear  to  be  warranted,  even  if  only  to 
provide  criteria  against  which  to  assess  proposed  standards. 

SDMMARy  AMD  CXaMCLOSIOMS 

It  can  be  concluded  from  the  above  discussion  that  the 
prediction  of  individual  CFF  is  extremely  difficult,  particular¬ 
ly  if  a  display  is  to  be  minimally  designed  so  ats  to  be  on  the 
brink  of  flickering.  The  following  factors  should  be  considered 
in  addressing  flicker,  however,  caution  should  be  exercised  in 
generalizing  the  parameter  ranges  below  to  particular  display 
situations.  The  btirden  is  upon  the  display  designer  to  ensture 
the  validity  of  these  values  for  his  display  situation.  The 
surest  method  of  doing  this  continues  to  be  direct  evaluation 
of  the  observer-display  system  in  the  operational  setting. 

Figure  191  summarizes  the  effects  of  flicker  on  the 
observer  and  the  different  stages  of  flicker  from  zero  cps  to 
CFF.  These  values  are  an  approximation  for  use  as  a  guide  only 
since  the  values  will  shift  from  situation  to  situation.  The 
critical  fusion  frequency  (dotted  line)  will  vary  with:  •. 

1.  Illumination  Intensity  -  generally  increasing  with 

increasing  intensity. 

2.  Size  of  Display  -  CFF  increases  with  increasing 

display  size. 

3.  Area  Stimulated  -  Flicker  is  more  detectable  in 

peripheral  vision  at  low 

lurdncuice  levels. 
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Figure  191.  Approximate  Flicker  Stages  and  Resulting 

Observer  Reactions. 
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by  central  vision  at  higher 
luainance  levels . 

4.  Persistence  of  Vision  -  Increasing  stionilus  intensity 

increases  total  persistence  of 
vision  up  to  maxinua  for  the 
individual. 

5.  Light-dark  Ratio  -  CFF  increases  gradually  with 

increasing  flash  duraticHi  and 
with  increasing  illuaination 
intensity. 

6.  Non-Flickering  Surround-  Decreasing  non- flickering 

surround  generally  increases 
CFF. 

The  dominant  wavelength  of  the  display  (color)  is  not  a 
critical  factor.  However,  colors  in  the  middle  of  the  visual 
spectrum  retjuire  less  energy  to  achieve  a  given  brightness  than 
do  colors  at  the  ends  of  the  spectrum.  The  yellow-green 
emission  region  is  generally  preferred  for  display  purposes, 
%rtiile  the  blue  zone  should  be  avoided.  Display  target  and 
background  colors  should  be  as  similar  as  possible  to  reduce 
aberration  effects.  However,  this  will  work  against  the  maximum 
development  of  symbol- to-display  contrast. 

Flicker  is  a  complex  phenomenon  idiich  is  not  completely 
understood  or  predictable  and  which  is  subject  to  many  different 
variables  in  the  observer,  as  well  as  in  the  display  device. 

Many  valid  flicker  data  exist,  but  even  with  this  body  of  infor¬ 
mation,  it  is  difficult  to  arrive  at  any  exact  determination  of 
what  constitutes  an  acceptable  critical  fusion  frequency.  With 
the  advent  of  high  speed  ccnputer-display  systems  capable  of 
outputting  large  amounts  of  data  in  relatively  short  time 
intervals,  CFF  has  become  even  more  significant  in  that  it  may 
be  the  limiting  factor  in  data  density  for  a  given  display, 
imposing  requirements  on  deflection  and  character  writing  speeds 
that  are  extremely  difficult  to  meet. 

In  order  to  obtain  maximum  display  output,  it  is  necessary 
to  appreciate  the  many  factors  (<£iserver  and  equipment)  that 
interact  in  determining  CFF.  This  understanding  will  allow 
greater  flexibility  of  design  as  well  as  improve  observer 
performance.  Table  91  identifies  some  of  the  more  significant 
interactions  occurring  between  the  observer  and  the  display. 
Treating  the  observer  and  the  display  as  a  system  in  this  manner 
hopefully  will  allow  for  a  more  coogilete  utilization  of  the 
capacities  of  each,  as  well  as  allow  more  freedom  in  design. 
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Table  91.  Representative  (M3server-*Display  Interactions 


the  existing  body  of  flicker  data  is  large  and  does  provide 
sufficient  basis  for  the  naking  of  fim  decisions,  provided 
caution  is  exercised  in  applications  to  new  situations.  It  is 
estimated  that  flicker— free  CRT  displays  can  be  designed  using 
the  coomonly  accepted  50  to  60  Hertz  refresh  rate,  even  under 
relatively  high  illumination  conditions.  However,  displays 
designed  for  use  vinder  extremely  high  luminance  environinents 
(8,000  Ft.  L.  and  up)  would  probably  require  additional  valida¬ 
tion,  if  not  additional  research  and  experimentation. 
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The  relatively  new  A-C  solid  state  displays  (planar  gas 
discharge,  EL,  light  emitting  diodes)  have  i^t  yet  had  time  to 
allow  for 'the  accumulation  of  sufficient  data  upon  which  to  draw 
firm  ccmclusions.  Apparently,  little  difficulty  has  been 
encountered  with  these  types  of  displays  with  regard  to  flicker. 
The  high  excitation  rates  presently  used  with  these  displays  (gas 
discharge  have  excitation  rates  of  60  to  800  Hertz,  other  types 
range  from  400  to  5,000  Hertz)  virtually  precludes  the  presence 
of  flicker,  even  under  high  illinaination  viewing  conditions. 

Finally,  Table  92  demonstrates  a  number  of  the  tradeoff 
functions  between  various  display  flicker  parameters.  This 
table  is  for  use  as  a  guide  only  and  is  not  to  be  considered 
all-inclusive.  It  was  designed  to  indicate  the  interactions 
one  parameter  has  with  a  nun^r  of  pther  factors. 


Table  92.  Representative  Tradeoff  Functions. 


Decrease _ 

Information  Capacity 

Refresh  Rate 

Info.  Capacity 
Oseable  Shades  of 
Gray 

Display  Resolution 
Storage  Time 

Brightness 


Erase  Time 
Storage  Time 
Uniformity 
Brightness 
Resolution 

Brightness 
Writing  Speed 

(.  Brightness 
Writing  Speed 

=  Increase 

RESEARCH  RECOKMENPATIOMS 

The  observer's  basic  task  with  airborne  electronic  displays 
is  the  extraction  of  pertinent  information  in  readily  useable 
format.  In  order  to  present  the  information  in  a  manner 
conducive  to  the  observer's  need,  the  display  itself  must  be 


Parameter  Optimized _ Increase _ 

Refresh  Rate  f*  Display  Brightness 

Phosphor  Persistence^  Info.  Capacity 

Display  Size  f  Total  Luminance 

CFF 

Bandwidth  Reg. 

Display  Brightness  t  CFF 

Aberration  Effects 


Info.  Presented  f 


Writing  Speed  i 


Writing  Speed 
Bandwidth  Require¬ 
ments 

Info.  Presented 


Storage  Time  t 


Erase  Time 


Resolution  t 


r^ic/.cr  free.  L'r.like  r.ar.y  of  the  ether  axeas  examined  in  zr.xs 
report,  elirinaticr.  of  flicker  fron  the  display  does  not  appear 
tc  be  a  najer  concern  for  designers.  It  is  felt  by  the  present 
-riters,  consequently ,  that  research  efforts  would  be  ncre 
fruitful  if  directed  to  more  pressing  problems  in  the  area  of 
display  design.  However,  several  possible  exceptions  exist  to 
the  above  recotrtendation.  These  exceptions  deal  with  the 
interaction  of  viewing  distance  and  display  size  and  the  basic 
body  of  information  available  to  the  designer. 

It  is  known  that  viewing  ratio  (viewing  distance-to-size 
of  the  display)  is  a  significant  factor  in  the  elimination  of 
flicker,  and  it  is  also  known  that  by  moving  the  observer  away 
from  the  flickering  display,  the  nature  of  the  flicker  is 
changed  (flicker  will  be  eliminated  or  diminished  in  intensity). 
The  exact  nature  of  this  relationship,  however,  is  presently 
unknown,  and  consequently  no  quantitative  data  exist  on  this 
subject.  3y  varying  the  viewing  distance  and  the  size  of  the 
flickering  display  (with  other  factors  being  held  constant) , 
a  quantitative  tradeoff  function  could  be  arrived  at  which 
uould  allow  the  designer  the  flexibility  of  choice.  The 
performance  measure  to  be  sought  in  this  study  would  be  10 Os 
flicker-free  displays  within  the  range  of  values  examined. 

Since  normal  display  viewing  distance  is  18  to  36  inches  for 
electronic  displays,  and  the  normal  range  of  display  sizes  is 
from  5"  to  9",  these  values  could  serve  as  the  ranges  to  be 
explored.  By  holding  all  of  the  other  parameters  constant, 
rest  of  the  interactions  fron  these  factors  could  be  accounted 
f  c  r . 


A  second  area  that  warrants  examination,  but  which  is  more 
restricted  to  the  engineering  aspect  of  flicker,  has  to  do  with 
tne  inform.ation  presentation  with  regard  to  flicker.  Consider¬ 
able  data  exist  on  flicker,  but  are  not  in  readily  useable 
format.  Considerable  time  and  effort  is  usually  required  to 
extract  all  of  the  pertinent  information  applying  to  one 
particular  phosphor-display  system.  A  good  workable  guide  ,cf 
the  interaction  effects  of  all  the  parameters  concerned  (both 
engineering  and  human  factors)  would  be  beneficial  tc  both 
num.ar.  factors  and  display  engineers. 

Virtually  no  data  exist  regarding  solid-state  display 
flicker.  As  stated  in  the  conclusion  section,  flic5cer  dees  net 
appear  to  present  a  problem  with  this  type  of  display.  However, 
a  r.'Umber  of  important  questions  remain  to  be  answered.  With  the 
almost  ins tantanecus  rise-decay  tire  found  in  many  solid-state 
displays,  for  example,  is  it  possible  to  generalize  the  flash 
duration  («  of  on  tim.e)  and  the  light-to-dark  ratio  data  from 
CRT-type  displays  to  solid-state  displays?  The  psychophysical 
literature  r.as  not  addressed  these  areas  using  such  short 
periods  of  tire  (10“*  sec. ),  and,  consequently,  valid  data  are 
non-existent.  Additionally,  it  has  been  observed  that  the  CFF 
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SECTION  X 

JIEILITi'  CONTSAST  PE-iCTRZMENTS 
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A  fiindarjental  and  very  inportant  consideration  in  the 
design  of  electronic  displays,  particularly  for  use  in  the 
cockpit,  is  that  the  brightness  Cif  display  symbols  must  be 
sufficiently  greater  than  general  display  background  bright¬ 
nesses  to  produce  accurate  and  quick  identification  of  the 
symbology.  This  problem  is  particularly  acute  in  cockpit 
applications  of  electronic  displays  due  to  the  extremely  high 
values  of  cimbient  illisaination  which  nay  be  present;  in  the 
cockpit  and  the  resulting  display  “washout”  which  -^lay  result. 

It  has  long  been  recognized  that  simp'ly  specifying  symbol 
brightnesses  is  ein  inadequate  approach  to  identifying  require¬ 
ments  for  symbol  legibility.  Rather,  it  is  necessary  to  identi¬ 
fy  the  degree  to  which  symbol  brightness  is  different  frcm  the 
izmediately  surrounding  display  background  brightness  in  order 
to  provide  for  criterion  perfonoance. 

,/ 

A  well  established  and  accepted  manner  for  specifying  the 
difference  between  display  background  brightness  and  symbol 
brightness  is  through  the  use  of  the  contrast  ratio  equation. 

All  data  presented  in  this  section  center  around  the  specifica¬ 
tion  of  the  contrast  which  is  required  between  symbology  and 
the  ionediate  display  background  required  to  produce  criterion 
display  legibility. 

Several  definitions  of  contrast  ratio  exist  in  the  litera¬ 
ture.  Unless  specified  otherwise  for  particular  cases,  the 
definition  of  contrcist  ratio  used  in  this  section  is  a  form  of 
the  basic  fl/I  equation.  The  equation,  as  applied  in  this 
report,  is  expressed  below.  From  a  display  design  standpoint, 
the  utility  of  the  contrast  ratio  definition  is  based  upon  the 
fact  that  contrast  ratios  thus  computed  nay  be  interpreted  as 
the  percent  of  display  background  brightness  which  must  be  added 
over  and  above  that  brightness  in  order  to  produce  symbol 
brightness  which  will  result  in  criterion  operator  performance. 
The  contrast  ratio  used  herein  and  defined  below  is  frequently 
referred  to  as  “percent  contrast." 

Percent  Contrast  (PC)  =  ^  x  100 

PC  =  (Symbol  Background  Luminances)  -  Background  Luminance 

Background  Luminance 


X  100 


PC 


X  100 


Luninancc  Er.itted  by  S%’~i:3l 
Background  Lur.inar.ce 

Predicting  display  contrast  ratio  requirec^nts  places  .-sany 
reguire.r.ents  upon  hun-.an  factors  data.  Relationships  of  the 
factors  is  shown  in  Figure  192  and  are  discussed  below. 

-  A  central  factor  is  the  amount  of  illumination  which  may 
be  expected  to  fall  directly  upon  the  display  face. 
Determining  the  illuminance  which  n-av  be  incident  open 

the  display  face  requires  knowledge  of  at  least  the  higher 
levels  of  daylight  ambient  illimination,  as  well  as  the 
attenuation  characteristics  of  cockpit  canopies  and 
windscreens . 

-  Second,  one  must  know  socaething  of  the  effects  which 
cockpit  and  instrument  panel  geometry  will  have  upon 
blocking  of  illuminamce  which  may  have  entered  the  cockpit 
environment.  Of  particular  concern  in  this  respect  is  the 
location  of  the  display  within  the  cockpit  (e.g.,  a  head- 
up  display)  as  well  as  the  general  attenuating  character¬ 
istics  of  the  cockpit  structure. 

-  Not  all  illumination  incident  upon  the  display  face  will 
be  reflected.  Hence,  it  is  necessary  to  know  the  reflec¬ 
tive  characteristics  of  the  display  phosphor  and  filters 
which  may  be  used. 

-  It  is  unlikely  that  illunineuice  incident  upon  display 
surfaces  or  the  lumineuice  reflected  from  displays  and 
instrument  panels  will  be  quantitatively  sinilcir  with 
the  external  (sky)  luminance  to  which  the  pilot's  eyes 
may  be  adapted.  Consequently,  it  is  also  necessary  to 
approximate  the  levels  to  which  the  eye  nay  be  adapted 
since  sizeable  discrepancies  between  eye  adaptation 
levels  and  display  brightness  levels  may  result  in  degraded 
display  legibility. 

-  Finally,  one  must  specify  symbology  characteristics 
including  size,  strokewidth,  color  and  type  since  each  of 
these  factors  significantly  influence  contrast  ratio 
requirements. 

It  is  necessary,  therefore,  to  specify  probable  ranges  for 
a  number  of  variables  in  order  to  provide  the  necessary  context 
within  which  to  address  display  legibility  contrast  ratio 
requirements.  These  variables,  therefore,  include:  levels  of 
ambient  illumination,  levels  of  eye  adaptation,  display  back¬ 
ground  brightness,  symbol  type,  size,  color,  and,  finally, 
symbclcgy  contrast  requirements.  Specification  of  probable 
ranees  of  these  factors,  in  turn,  is  dependent  upon  knowledge  of 
the  influences  of  the  variables  shown  in  Figure  192. 
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The  subject  of  ambient  illtrr.inatior.  is  discussed  virh:in  ths 
report  section  dealing  with  environmental  variables.  Based  upcr 
that  review,  the  following  representative  values  are  used  witihur 
this  section:  direct  sunlight  at  midday  is  11,000  Ft.  Candles; 
average  luminance  of  a  clear  shy  is  2,000  Ft.  Lamberts;  and 
average  cloud  cover  at  midday  is  7,000  Ft.  Lamberts. 


CAIIOPY  AND  WINDSCREEN  TRA-NSMTI'/ITY 


Not  all  light  emitted  by  the  sun  or  reflected  by  the 
atmosphere  enters  the  cockpit.  This  is  due  to  the 
attenuating  properties  of  canopy  materials.  The  light  attenu¬ 
ation  by  a  canopy  or  windscreen  can  be  affected  by  the  canopy 
material,  state  of  repair  or  cleanliness  of  the  material,  the 
angle  at  which  canopy  or  windscreen  sections  are  mounted 
relative  to  a  normal  line  of  sight,  cind  the  degree  to  which  the 
canopy  or  windscreen  is  fogged  by  moisture.  Considering  just 
new  clean  and  unfogged  canopy  materials,  it  has  been  estimated 
that  a  desirable  canopy  would  be  one  which  would  transmit 
approximately  90%  of  the  illumination  incident  upon  it  (Ref. 
363) .  Table  92  summarizes  acceptable  canopy  and  windscreen 
transmission  and  haze  limits,  and  shows  how  windscreen  angle  of 
incidence  affects  transmission  and  haze.  Considering  a  naximxm: 
transmitivity  of  90%,  the  maximum  illuminance  which  night  be 
expected  to  be  incident  upon  a  display  face  would  be  approxi¬ 
mately  10,000  Ft.  Candles.  Other  luminances  and  illuminances 
cited  previously  also  would  be  reduced  accordingly. 


Table  92.  Light  Transmission  and  haze  Values. 
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A  vorst-case  ansver  tc  the  first  question  r.ay  be  approxi- 
r:ated  by  identifying  the  raxinun  out-of-the-cochr  it  lur. inance 
which  the  pilot  isay  encoxmter  for  extended  durations.  Eased 
upon  the  data  in  Tauile  108,  in  the  Envircnnental  Variables 
section,  it  would  appear  that  this  would  be  the  8,0C0  to  9t00C 
Ft.  La  chert  lino  inance  of  average  cloud  ccvu-r  at  noon  (Ref.  344)  . 
Obviously,  values  in  excess  of  this  range  nay 'be  observed.  An 
exas^le  is  the  82,000* Ft.  Lanhert  luninance  of  upper  surfaces  of 
clouds  at  noon  (Ref.  343) .  Unfortunately,  however,  no  pid^lisned 
datvH  were  identified  which  would  provide  sene  insight  into  the 
luninance  of  clouds  as  a  function  cf  the  density  of  the  cloud. 
Thus,  little  is  )cnown  about  the  luranance  levels  which  right 
be  experienced  while  flying  near  the  top  of  cloud  cover,  but  not 
necessarily  flight  in  the  very  upper  surface  of  clouds.  Conse¬ 
quently,  such  luninance  levels  can  only  be  approxirated  at 
present.  In  order  to  be  screwhat  conservative  in  light  of 
existing  data,  it  would  appear  desirable  to  approximate  an 
average  cloud  luninance  at  10,000  Ft.  Lamberts.  However,  this 
is  purely  an  arbitrary  judgement.  It  would  appear  highly 
desirable  to  performs  the  necessary  photcretric  neasurecents  to 
identify  more  precisely  the  range  of  ambient  illumination  levels 
in  which  both  the  pilot  and  electronic  displays  rust  operate. 

I 

Assuming  a  naxinum  eye  adaptation  luminance  of  10,000  Ft. 
Lanberts,  however,  ignores  pilot  scan  r,attems  and  the  fact  that, 
while  flying  in  clouds,  the  majority  of  pilot  eye  fixations  may 
be  within  the  cockpit  rather  than  outside  of  the  cockpit. 
Consequently,  the  pilot's  eyes  are  not  adapted  to  a  unifoncly 
luaincus  surface.  Rather,  several  luminous  surfaces  may  be 
involved,  including  the  cloud  cover  cutside  the  cockpit,  the 
cockpit  instrum-ent  ram.el,  and  cockpit  consoles.  Each  of  these 
Eiay  vary  markedly  in  I’um.inar.ce  level,  and  it  foilovs,  therefore, 
that  the  luminance  level  to  which  the  eye  is  adapted  may  not 
simply  be  the  highest  l-ium unanca  level  in  the  immediate  environ- 
aent.  The  degree  to  which  this  point  may  be  only  of  academic 
interest  must  be  questioned,  however.  If,  for  example,  experi¬ 
mental  studies  incorporated  adapting  luminances  greater  than 
those  which  ma"  be  enco-umtered  in  ororational  sentimes.  a  most 


requirezients  sonevhat  greater  than  wculd  be  required  in  the 
operational  setting.  Consequently,  the  contrast  ratio  would  oe 
"over  designed"  by  sene  snail  arr.ount,  and  there  ar pears  to  be 
little  danger  froa  this.  Unfortunately,  however,  the  converse 
of  the  situation  also  nay  apply,  and  underestinating  luninances 
to  which  the  eye  nay  be  adapted  could  result  in  underdesigning 
the  contrast  ratio.  In  this  respect,  it  is  fortimate  that,  in 
an  applied  setting,  differences  in  luninance  between  display 
background  and  -the  surrounding  luninance  to  which  t.he  eye  nay  be 
adapted  are  of  little  practical  consequence  until  the  surrounding 
luninance  is  at  least  ten  tines  greater  than  the  lowest  display 
background  luminance  (Ref.  58)  .  t^^sequently ,  there  would  appear 
to  be  sone  latitude  for  imprecision  in  identifying  luninances  to 
which  the  pilot's  eyes  nay  be  adapted.  However,  this  latitude 
is  not  infinite. 

A  recent  study  (Ref.  179)  has  directly  addressed  the 
effects  of  the  eye  being  adapted  to  luminance  levels  greater 
than  the  luminance  level  of  a  display  background.  Figure  193 
summarizes  salient  findings  from  the  study  by  relating  the  shift 
in  threshold  contrast  requirements  to  the  ratio  of  the  luminance 
of  a  simulated  display  background  to  the  luninance  of  a  larger 
surround  area  (simulated  sky  luminance) .  Results  of  the  study 
are  in  keeping  with  Carel's  comment  (Ref.  58)  that  as  long  as 
the  luninance  of  the  general  background  surround  area  (and, 
hence,  eye  adaptation  level)  does  not  exceed  ten  tines  the 
display  background  luminance,  syirbol/background  contraist  ratio 
requirements  also  are  not  markedly  different  from  conditions  in 
which  the  surround  luninance  level  is  equal  to  or  lower  than  the 
display  background  luninance.  It  Ccui  be  seen  in  Figure  193, 
however,  that  minxnun  legibility  contrast  ratio  requirements 
rise  sharply  when  general  surround  luminance  (and,  consequently, 
eye  adaptation  level)  exceed  approximately  ten  times  the  display 
background  luminance.  Caution  nust  be  exercised  in  directly 
applying  the  data  in  Figure  193  to  display  design  since  the  data 
were  collected  in  a  task  situation  in  which  subjects  were 
required  to  detect  the  orientation  of  an  extremely  small  Landolt- 
C  ring  gap  (1.93  minutes  of  arc).  Thus,  the  data  were  not 
collected  in  a  directly  applied  display  task  setting,  but  rather 
in  a  visual  acuity  task  context. 

A  final  and  very  significant  factor  affecting  eye  adapta¬ 
tion  level  involves  the  use  of  helmet-mounted  sun  visors  or 
other  optical  filtering  devices  such  as  sun  glasses.  There  is 
no  known  Air  Force  operational  procedure  regarding  the  use  of 
helmet-mounted  sun  visors  or  sun  glasses  with  the  exception  that 
sun  visors  are  to  be  drawn  down  over  the  face  during  ejection, 
'i-fhat  is  known,  however,  is  that  there  is  tremendous  individual 
variation  in  the  use  of  sun  visors.  Some  fighter  pilots  use 
them  quite  frequently,  while  others  insist  that  they  never  use 
the  helmet-mounted  visor.  Similar  variation  in  individual 
preference  is  found  in  the  use  cf  sun  glasses  by  cargo  or  bomber 
pi lots . 


The  nost  pronounced  effects  which  visors  or  sunglasses  have, 
of  course,  involves  the  change  in  surround  luminance  level  to 
which  the  eyes  are  adapted.  Similarly,  apparent  display  back¬ 
ground  luminance  is  reduced  as  is  apparent  emitter  (symbol) 
luminance-  Contrast  ratio,  per  se,  is  not  affected.  Other 
factors,  however,  also  must  be  considered.  Ko  sunglass  or  visor 
is  a  perfect  optical  transmitter.  Accordingly,  symbol  resolu¬ 
tion  may  be  degraded.  Additionally,  the  lenses  of  Air  Force 
sunglasses  and  visors  are  green  in  color.  In  other  words,  tney 
transmit  more  energy  in  the  wavelength  regions  corresponding 
with  the  color  green,  while  attenuating  other  wavelength  light 
to  a  greater  extent.  .Consequently,  the  actual  reduction  in 
apparent  brightness  of  an  emitter  (symbol)  will  vary  as  a  func¬ 
tion  of  the  wavelength  composition  of  the  emitter  luminance  when 
visors  are  worn.  Finally,  the  use  of  sun  visors  or  sun  glasses 
may  result  in  a  loss  of  color  contrast  between  symbology  and 
display  background.  It  is  to  be  anticipated  that  this  problem 
would  be  most  pronounced  for  green  symbology.  This  follows  since 
the  use  of  visors  would  result  in  the  eyes  seeing  green  sym¬ 
bology  against  a  display  background  which  would  be  imbued  with  a 
greenish  appearance.  On  the  other  hand,  if  the  wavelength 


Ratio  of  Surround  Luminance  to  Display 
Background  Luminance 


Figure  193.  Percent  Increase  -Required  in  Contrast  Ratios 
as  a  Function  of  the  Ratio  of  Surround  Luminance  to 
Display  Background  Luminance.  (Adapted  from  Ref.  179) 
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perfcrttance  is  far  fron  complete  or  conclusive.  Tne  available 
litaratiire  is  revie^«ed  be  lew. 

In  a  recent  study,  King  et  al-  (Ref.  29E;  neasured  the 
trainsnitivity  of  operational  helnet-nounted  sun  visors  •cm  by 
a  sanple  of  eleven  F-106  pilots-  Median  transnitivity  vas  11%. 
Maxing  the  arbitrar-y  assiirp-tion  that  no  pilot  ■ould  lower  such 
a  visor  into  place  in  the  presence  cf  sky  or  cloud  luminances 
less  than  1,000  Ft.  Lamberts ,  it  would  follow  that  the  lowest 
daytime  luminance  level  to  which  the  eye  might  be  adapted  would 
be  approximately  110  Ft.  Lamberts.  Assuming  that  some  pilots 
indeed  do  not  use  helmet  visors  or  similar  devices,  it  would 
follow  that  the  highest  level  to  which  the  eye  night  be  adapted 
would  be  approximately  10,000  Ft.  Lamberts,  if  eye  scan  patterns 
are  ignored.  Because  of  individual  pilot  preferences,  it  may 
also  be  anticipated  that  eye  adaptation  levels  at  intermediate 
values  also  will  be  found  in  operational  settings. 

There  is  relatively  little  literature  directly  addressing 
the  effects  of  sun  glasses  or  sun  visors  upon  the  legibility  of 
electronic  displays  under  high  ambient  illumi nation  conditions. 
Those  data  which  are  available  are  only  piecemeal  or  indirectly 
applicable  to  the  total  range  of  ambient  illuminations  and 
display  background  brightnesses  (and  sjcrbol/display  contrasts) 
which  may  be  anticipated  or  required  in  the  context  of  aircraft 
cockpit  application. 

Allen  (Ref.  4)  reports  a  study  of  visual  performance 
through  five  opthalmic  filter  glaisses  (sun  glasses)  ,  five 
identical  filter  glasses  uniformly  coated  to  produce  10%  light 
transmission,  and  five  other  identical  filter  glasses  with  a 
gradient  density  coating  transmitting  10%  in  the  center  of  the 
lens  and  about  0.1%  at  tne  top  of  the  lens.  The  five  basic 
opthalmic  filters  which  were  made  up  into  sunglasses  were  Clear, 
Calcbar  D,  Kalichrome  C,  Smeke  hose  (a  former  Air  Force  stand¬ 
ard  s’unglass)  ,  G-15  Uniform  Gray,  and  Azurelite  3  which  cor¬ 
responded  with  the  following  colors:  clear,  blue,  green,  smoke, 
amber  and  yellow.  An  8  by  24  foot  atmespheriq  (fog)  chamber  was 
used.  Luminances  of  tne  walls  of  tne  chamber  were  either  470 
Ft.  Lamberts  or  7,200  Ft.  Lamberts.  Three  levels  of  water 
particulate  fog  were  used:  zero,  50*  and  75%.  One  hunpred 
percent  fog  represented  tne  saturation  limit  of  the  charmer. 
Microammeter  measures  of  a  photocell  cutout  were  race  under 


the  siaxiraum  saturation  condition,  with  measure  being  established 
as  100%.  Measures  of  fog  density,  then,  were  based  upon  the 
maxirrum  saturation,  and  are  therefore  relative. 

Six  subjects  participated  in  the  experiment,  and  each 
subject  wore  each  of  the  various  combinations  of  sunglasses 
which  had  been  prepared  for  the  experiment.  The  subjects  had 
two  tasks  to  perform.  First,  they  adjusted  the  brightness  of  a 
five  centimeter  test  spot  to  value^  just  noticeably  brighter, 
and  then  just  noticeably  dinneif  the  brightness  of  the  far 

wall  of  the  fog  chamber  on  which  it  was'^located .  When  this  task 
was  concluded,  an  auditory  signal  was  presented,  and  the  subject 
then  read  a  single  digit  number  displayed  upon  a  simulated  air¬ 
craft  instrument  panel  directly  in  front  of  the  subject.  When 
the  number  was  read,  the  subject  depressed  a  reaction  time 
button.  Reaction  times  for  correct  readings  were  recorded,  as 
were  brightness  values  associated  with  adjusting  the  far  field 
target  circle  to  just  noticeably  brighter  and  just  noticeably 
dimmer  values. 

Allen  used  the  me<isure  "luminai'ce  range  of  far  target 
invisibility  in  percent",  which  was  defined  as  the  luminance  of 
the  5  centimeter  target  spot  when  it  was  just  perceptibly 
brighter  than  the  wall  surround  minus  its  luminance  when  it  was 
just  perceptibly  darker  than  the  surround,  divided  by  the  upper 
luminance  and  multiplied  by  100.  Consequently,  smaller  percent 
values  represented  greater  sensitivity  of  the  eye  to  brightness 
change.  Data  from  the  study  were  quite  complex  and  interactive. 

Of  particular  interest,  however,  were  the  data  for  the  high 
liiminance  condition.  In  terms  of  the  index  of  target  invisibil¬ 
ity,  performance  was  highly  comparable  regardless  of  the  sun¬ 
glass  which  was  worn  and  regardless  of  fog  condition.  Mean 
times  required  to  read  numeric  values  from  the  simulated  instru¬ 
ment  panel,  however,  were  consistently  shorter  for  the  gradient 
coated  sunglasses.  Uncoated  or  uniformly  coated  10%  trans- 
mitivity  sxinglasses  resulted  in  consistently  greater  reaction 
tines,  with  the  increase  in  reaction  time  having  averaged 
approximately  50%.  Under  the  low- (470  Ft.  Lamberts)  luminance 
condition,  the  results  were  considerably  more  coB5)lex.  However, 
one  trend  of  interest  was  that  the  uniformly  coated  sunglasses 
were'  coBq>ar€U3le  with  the  normal  glasses  in  .betms  of  target 
invisibility.  'Hie  gradient  coated -glasses  resulted  in  con¬ 
sistently  inferior  performance.  However,  the  uniformly  coated 
sunglasses  consistently  resulted  in  longer  times  required  to 
read  the  number  displayed  on  the  simulated  instrument  panel. 
Averaging  all  the  recognition  times  obtained  in  the  study 
produced  the  following  trend: 
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Mo  Sun  Uncoated  Uniform  Gradient 

Glasses  Sunglasses  Coated  S.G.  Coated  S.G. 

Recognition 

Time  in  Seconds  0.599  C,603  0.760  0.506 

In  a  recent  experiment.  King  et  al.  (Ref.  208)  investi¬ 
gated  contrast  ratios  necessary  to  result  in  virtually  100% 
legibility  of  high  contrast  electroluminescent  bargraph  and 
numeric  readout  displays.  The  numerics  were  0.4  inches  high  and 
0.28  inches  wide,  with  a  stroke  width  of  0.05  inches.  The  125 
segment  bargraph  had  a  height  of  5.0  inches  and  a  width  of  0.25 
inches.  Stroke  width  for  each  segment  was  0.035  inches,  while 
gaps  between  segments  were  0.005  inches.  Contrast  ratios 
required  to  produce  “comfortably  bright"  displays  also  were 
determined.  Two  types  of  illumination  were  used  in  an  attempt 
to  simulate  representative  cockpit  lumincinces.  Under  one 
combination  of  conditions,  a  simulated  canopy  surround  was 
illuminated  to  brightnesses  of  500,  3,100  and  8,600  Ft.  Lamberts. 
Under  the  second  combination  of  conditions,  a  Xenon  arc  lamp  was 
used  to  produce  500,  5,000  and  10,000  Ft.  Cemdle  illumination 
(measured  using  a  magnesium  oxide  surface)  incident  upon  a 
simulated  aircraft  instrument  panel.  Under  the  two  higher 
illumination  levels  for  each  illumination  source,  data  were 
collected  both  for  the  naked  eye  and  with  the  use  of  helmet 
mounted  sunvisors  of  11%  treinsmi tivity .  Thirty  subjects,  twenty 
of  whom  were  Air  Force  pilots,  participated  in  the  experiment. 
Photometric  measurements  of  display  brightnesses  were  made,  amd 
the  data  were  transformed  into  meaisures  of  symbol-to-display 
background  contrast.  Display  reading  time  data  also  were 
recorded. 

When  emitted  luminance  was  increased  to  produce  displays 
which  were  judged  to  be  “comfortably  bright"  by  the  subjects, 
no  differences  were  found  between  contrast  ratios  or  display 
reading  times  for  the  with-visor  versus  no-visor  comparisons. 
However,  when  emitted  luminance  levels  were  only  those  required 
to  produce  three  consecutively  correct  display  readings,  the 
use  of  the  helmet  nxjunted  visor  did  show  an  impact.  Mean 
contrast  ratios  required  to  produce  100%  legibility  for  the 
bargraph  display  were  unaffected  by  the  use  of  the  helmet 
mounted  visor.  However,  mean  legibility  contrast  ratios,  and 
thus  emitted  lumincinces,  were  consistently  greater  for  numeric 
readout  legibility  when  subjects  used  the  visor.  The  differ¬ 
ences  were  statistically  significant  at  the  .01  level  of  confi¬ 
dence.  With  the  visor  in  place,  legibility  contrast  ratios 
ranged  from  110%  to  128%  of  the  contrast  ratio  required  without 
the  visor,  depending  upon  illumination  source  and  intensity. 

Also,  mean  time  required  to  read  each  display  was  significantly 
longer  in  three  out  of  four  conditions  in  which  the  sun  visor 
was  used.  The  data  are  shewn  in  Table  93.  In  a  separate 
comparison,  these  data  were  adjusted  to  take  into  account  the 
fact  that  the  use  of  the  visor  reduced  the  apparent  display 


Table  93.  The  Influence  of  11*  Transmitivity 
Visors  Upon  Legibility  Contrast  Ratio  Requiressents 
for  an  EL  Numeric  Readout. 

(Adapted  from  King  et.  al. ,  Ref.  208) 


General  Canopy  Surround 
Luminance  Levels  in  Ft.  L. 


3,165 

8,617 

Display  Background  Luminance 
in  Ft.  L. 

21.1 

58.2 

Me^ul  Emitted  Luminance  in  Ft.  L. 
for  Naked  Eye 

6.7 

14.0 

Mean  Percent  Contrast 
for  Naked  Eye 

31.9 

24.5 

Mecui  Emitted  Lumincince  in  Ft.  L. 
with  Visor 

8.4 

18,5 

Me£m  Percent  Contrast 
with  Visor 

39.8 

31.3 

Direct  Incident  Luminance 
Levels  in  Ft.  Lamberts 

5,000 

10,000 

Display  Background  Luminance 
in  Ft.  L. 

103.0 

181.2 

Mean  Emitted  Luminance  in  Ft.  L. 
for  Nciked  Eye 

21.5 

30.1 

Mean  Percent  Contrast  for 

Naked  Eye 

20.6 

16.5 

Mean  Emitted  Luminance  in  Ft.  L. 
with  Visor 

25.1 

34.2 

Mean  Percent  Contrast 
with  Visor 

24.2 

18.2 
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background  brightness.  The  adjusted  data  were  corpared  with 
other  data  published  by  King  et  al.  for  non-visor  conditions. 
The  effects  of  use  of  the  visor  were  still  apparent  for  the 
numeric  readout.  Similar  trends  have  been  retorted  by  Ketcnei 
(Refs.  203  and  204). 

Parker  (Ref.  261)  reports  a  study  in  which  two  subjects 
were  driven  down  a  mile-long  runway  in  an  automobile  at  25  miles 
per  hour.  Their  task  was  to  detect  the  direction  [up,  down, 
left  or  right)  of  the  gap  in  a  large  Landot  C-ring.  Each 
subject  alternately  wore  a  flight  helret  with  visor  trans- 
mi  tivities  of  15i,  3%  and  1%.  Data  also  were  collected  in  th 
eatrly  afternoon  on  a  highly  overcast  March  day.  The  measure  o 
performance  was  the  maximum  distance  in  feet  from  the  Landolt 
C-ring  at  which  the  direction  of  the  gap  could  be  correctly 
identified.  Admittedly,  these  data  are  quite  limited,  but  of 
some  interest  to  the  current  study  are  the  trends  in  the  findings 
comparing  the  naked  eye  with  the  15%  visor  condition.  Minimum 
distances  at  which  the  break  in  the  ring  could  be  detected  are 
shown  in  Table  94.  Of  interest  is  the  high  degree  of  similarity 
among  distances  required  on  the  clear  morning  as  opposed  to  tne 
trend  associated  with  data  collected  during  the  overcast  after¬ 
noon.  In  the  latter  condition,  as  visor  transmitivity  decreased, 
it  was  necessary  to  drive  progressively  closer  to  the  C-ring  in 
order  to  identify  the  location  of  the  break  in  the  ring.  If 
these  data  show  nothing  else,  they  do  indicate  that  the  use  of  a 
sun  visor  may  influence  detection  tasks,  and  that  the  influence 
may  vary  as  a  function  of  surround  illumination  level. 

Finally,  using  a  Snellen  eye  chart,  Parker  (Ref.  261) 
measured  the  visual  acuity  of  four  subjects  using  the  three 
transmitivity  visors  in  addition  to  the  naked  eye.  Measures  of 
acudty  were  highly  coroarable  and  frequently  identical  for  the 
naked  eye  and  using  the  15%  transmitivity  visor.  Marked 
decreases  in  dcuity  were  found  only  for  the  1%  transmitivity 
visor. 


The  question  remains,-  what  are  the  impacts  of  the  use  of 
helmet-mounted  visors  or  sun  glasses  up>on  symbol  luminance 
requirements  eind,  consequently,  display  contrast  ratio  require¬ 
ments?  Xo  clear  answer  is  available  from  the  literature. 
However,  there  is  evidence  that  the  use  of  such  devices  may 
ii!:p>act  upon  symbol  luminance  requirements.  Unfortunately, 
practically  none  of  the  contrast  ratio  data  which  are  available 
have  taken  this  factor  into  account. 

It  is  clear  (Refs.  4  and  261)  that  the  effects  of  visors 
transmitting  between  10%  and  15%  of  the  illumination  incident 
upon  them  vary  as  a  function  of  ardbient  illumination  level.  At 
higher  levels  (e.g.,  2,000  to  7,000  Ft.  Lamberts)  tne  use  of 
such  devices  appears  to  have  a  minimal  effect  upon  contrast 
discrimination  or  measures  of  visual  acuity,  although  the  latter 
factor  is  far  from  fully  established.  At  lower  auabient 
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Table  94.  Mean**  Distance  in  Feet  at  which 
Direction  of  Break  in  Lar.dolt  C-Rir.g  ccaic  he 
Identified.  (Adapted  fror:  Parker,  Ref.  261) 


Helmet  Mounted 

Visor  Cone 

itions 

So 

Visor 

15%* 

3% 

1% 

Clear 

Morning 

1,087 

958 

1,038 

992 

Overcast 

Afternoon 

767 

618 

4  76 

373 

*Percent  transnitivity  of  visor. 

**Each  near,  based  upon  15  neasurerjents. 


illumination  levels  (e.g.,  500  to  700  Ft.  Laxcberts)  ,  however, 
the  use  of  light  attenuating  devices  appears  to  have  a  possibly 
negative  intact  upon  acuity  and  may  result  in  increased  display 
reading  times.  Finally,  King  et  al.  (Ref.  208)  have  clearly 
shown  that  the  effects  which  such  devices  have  upon  ranimum 
legibility  contrast  ratios  may  vary  as  a  function  of  display 
configuration.  King  et  al.  also  have  shown,  however,  that 
such  effects  may  not  be  apparent  when  symbol  luminance  is 
increased  above  that  minimally  required  for  display  legibility. 
This  finding  offers  consideraible  promise.  Assuming  that  engi¬ 
neering  technology  will  develop  saeans  of  achieving  symbol 
luminance  and  contrast  capabilities  which  will  allow  pilots  to 
adjust  symbol  brightness  levels  above  those  minimally  required 
for  legibility,  then  it  may  cake  no  difference  whether  cr  not 
the  pilot  is  using  a  visor  or  sun  glasses. 

A  requirement  exists  for  additional  research  directed 
toward  providing  an  understanding  of  the  operational  significance 
of  the  use  of  helmet-mounted  visors  and  sun  gl2LS5es  upon  symbol 
emitted  luminance  and  contrcist  requirements.  It  is  felt, 
however,  that  the  research  should  be  directed  txTward  identifying 
whether  eye  adaptation  level,  filter  bandwidth  (color)  or  inter¬ 
actions  of  these  with  symbol  color  produce  operationally 
meaningful  effects.  It  also  is  felt  that  symbol  luminances 
and,  therefore,  contrasts  above  those  minimally  needed  to 
produce  legibility  should  be  employed.  This  follows,  since  it 
has  long  been  recognized  and  again  recently  demonstrated  (Ref. 
208)  that,  given  a  choice,  pilots  will  increase  display  emitted 
luminance  and,  therefore,  also  contrast  above  cinictia  legibil¬ 
ity  levels.  King  et  al.  also  have  shown  that  any  effects  of 
sun  visors  or  sun  glasses  may  be  minimal  or  non-existent  at 
these  higher  symbol  luminance  levels.  Available  data  are  quite 
limited,  however,  and  before  ignoring  the  effects  of  sun  visors. 
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the  effects  reported  by  King  et  al.  should  at  least  be 
replicated.  This  is  particularly  true  in  light  of  the  other 
data  which  exist. 

The  effects  of  eye  adaptation  levels  ranging  through  10,000 
Ft.  Lamberts  and  sun  visors  remain  unresolved  in  terms  of 
predicting  symbol  luminance  and,  therefore,  contrast  ratio 
requirements.  Existing  data  generally  relate  to  acuity  tasks  or 
unspecified  tasks.  No  comprehensive  data  were  found  which  would 
relate  directly  to  display  legibility  tasks  for  comfortably 
bright  and  contrasty  symbology.  Thus,  the  display  designer  is 
confronted  with  the  requirement  to  empirically  demonstrate  the 
adequacy  of  symbol  luminance  and  contrast  throughout  the  antici¬ 
pated  range  of  ambient  illuminance  levels.  Contrast  ratio 
requirements  determined  with  no  visor  at  the  equivalent  reduced 
display  background  luminance  level  will,  however,  provide 
approximation  of  required  contrast  needed  for  conditions  wherein 
pilots  wear  visors. 


ILLUMINATION  INCIDENT  UPON  DISPLAY  FACES 


Panel-Mounted  Displays 

The  amount  of  illumination  incident  upon  the  display  face 
and  the  reflectivity  of  display  face  materials  are  primary 
factors  influencing  display  "washout".  Through  the  use  of  anti- 
reflective  display  filters  in  conjunction  with  high  brightness 
symbology,  display  washout  may  be  overccme.  It  is  necessary, 
however,  to  have  a  sound  indication  of  the  magnitude  of  the 
illumination  incident  upon  the  display  in  order  to  specify 
filter  and  symbol  luminance  and  contrast  requirements. 

From  a  preceding  discussion,  it  was  concluded  that  the 
maximum  direct  illuminance  of  sunlight  passing  through  a 
representative  Ccinopy  is  approximately  10,000  Ft.  Candles.  In  a 
worst-case  circumstance ,  therefore,  approximately  10,000  Ft. 
Candles  of  illuminance  could  be  incident  upon  the  display  face. 
This  does  not  necessarily  imply,  however,  that  10,000  Ft. 

Candles  is  representative  of  operationally  experienced  maximum 
incident  illumination  levels.  This  follows,  since  cockpit 
configuration  and  associated  structural  members  of  glare  shields 
may  serve  to  block  some  illumination.  In  this  respect,  it  is 
desirable  to  review  the  literature  which  directly  addresses  the 
amount  of  illuminance  which  might  realistically  be  expected  to 
be  incident  upon  electronic  display  surfaces. 

Bruns  and  Miller  (Ref.  51)  report  that  the  maximum  noontime 
direct  sunlight  brightness  reflected  from  a  magnesium  oxide 
surface  located  near  the  radar  display  in  the  rear  seat  of  the 
F-4  aircraft  was  7,500  Ft.  Lamberts.  The  latitude  cind  time  of 
year  at  which  the  measurements  were  made  were  not  specified. 
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t-cterszT.  -Ref.  263)  has  reported  sor;e  limited  panel  iilunination 
data  which  were  reasured  at  various  headings  relative  to  the  sun. 
A  "white  reference  standard"  of  unspecified  reflectivity  was 
rcunted  cn  the  left  side  of  the  pilot's  instrunent  panel  in  a 
hC-135  aircraft  and  on  the  right  center  of  a  T-39  aircraft 
instru.-ent  panel.  Maxictur.  luninance  reflected  fron  the  white 
reflective  surface  was  approximately  200  Ft.  Lamberts.  The 
r.  ?3surerents  were  race  at  08:00  hours  on  1  September  at  an 
altitude  of  20,000  feet  in  the  KC-135  and  at  3:00  P.M.  on  2 
June  at  an  altitude  of  10,000  feet  in  the  T-39.  Measurements  of 
the  ii luminance  of  the  horizon  varied  from  1,500  to  5,000  Ft. 
Candies.  All  measurements  were  made  over  Dayton,  Ohio.  Addis 
et  al.  (ref-  1)  made  photometric  measurements  of  the  luminance 
cf  a  white  reflection  surface  positioned  at  various  locations  in 
the  instrument  panel  of  a  T-39  aircraft.  Luminance  data  are 
sumcr.arized  in  Table  95.  Addis  et  al.  do  not  indicate  the 
latitude,  season  or  tire  of  day  at  which  the  measurements  were 
r.ade. 


Table  95.  7-39  Instrument  Panel  Luminance 

.Measurements,  (From  Addis  et  al.  Ref.  1)  . 


Location  of 

.•.hite  reflective  Measured 


Surface  on 
Instrument  Panel 

Ti'pe  of 
Illumination 

Luminance  in 
Ft.  Lamberts 

Panel  Scan 

Indirect 

87  -  100 

Lower  Right 

Indirect 

100 

Lower  Right 

Indirect  Diffused 
by  Clouds 

387 

Lower  Right 

Direct  Sim 

8,125 

King  et  al.  (Pef.  208)  measured  luminances  of  a  nagnesiimi 
oxide  surface  located  on  an  unshielded  instrument  panel  in  a 
r.ockup  of  a  fighter  aircraft  configuration  cockpit.  Measurements 
were  .-ade  when  the  r.ockup  canopy  was  uniformly  illuminated  to 
values  of  500,  3,100  and  8,600  Ft.  Lamberts.  Corresponding 
lur.ir.ances  measured  from  the  .MgO  surface  were  150,  900  and  3,000 
Ft.  Lamberts  respectively.  Extrapolating  from  these  measurements 
to  esti.-.ate  the  luminance  at  the  panel  which  would  correspond 
wit.h  10,003  Ft-  Lamherts  of  canopy  illumination  (as  night  be 
encou.ntered  while  flying  near  the  top  of  clouds),  it  would  be 
expected  that  panel  luminance  would  be  approximately  3,500  Ft. 
Lam.berts  for  indirect  lum.ir.ance. 


The  illuminance  incident  upon  electronic  display  faces  is 
one  of  the  key  factors  affecting  the  proper  design  of  electronic 
flight  displays.  It  is  apparent  from  the  foregoing  discussion 
that  data  regarding  this  factor  are  relatively  meager  and  fairly 
highly  inconsistent.  The  inconsistencies,  of  course,  dc  not 
imply  irregularities  in  the  manners  in  which  the  luminance 
measurements  ray  have  been  made-  Rather,  the  inconsistencies 
arise  prim.arily  from  the  relatively  unknown  impacts  of  total 
cockpit  geometry  (Ref.  206),  variations  in  the  type  and  level  of 
illumination  external  to  the  cockpit  and  simply  the  relatively 
few  measurements  which  have  been  made  of  illuminance  incident 
upon  instrument  panels  in  a  variety  of  operational  aircraft  and 
under  a  total  spectrum  of  anticipated  atmospheric  conditicns  and 
times  of  day. 

These  considerations  do  not  allow  for  a  valid  specif ication 
of  the  illumination  conditions  under  which  electronically 
generated  displays  must  be  designed  to  operate.  If,  however,  one 
were  to  select  ranges  of  illuminances  which  might  have  to  be 
dealt  with,  it  would  appear  that  the  maximum  range  of  luminance 
produced  in  direct  sunlight  would  be  from  7,500  to  8,200  Ft.  L., 
although  this  figure  might  also  approach  10,000  Ft.  L. 

Projected  Displays 

The  question  of  the  level  of  illumination  with  which 
projected  displays,  such  as  head-up  displays  or  helmet-mounted 
sights,  may  have  to  cope  must  be  addressed  somewhat  differently. 
Assuming  that  it  is  unrealiscic  to  attempt  to  read  a  head-up 
display  when  flying  directly  into  the  sun,  the  amount  of 
illuminance  falling  on  a  projected  display  or  the  brightness 
background  against  which  such  a  display  would  have  to  be  read  is 
a  direct  function  of  the  luminance  levels  of  areas  in  the  field 
of  view  immediately  ahead  of  the  aircraft.  In  this  regard,  it  is 
also  only  realistic  to  examine  tbe  types  of  mission  uses  of 
head-up  displays.  Two  uses  which  have  historically  received  the 
greatest  attention  are  approach  and  landing  and  aerial  combat. 

In  an  approach  and  landing  context,  it  would  appear  that  earth 
horizon  brightnesses  up  to  5,000  Ft.  Lamberts  must  be  considered 
(Ref.  263).  In  aerial  weapon  delivery  tasks,  it  would  appear 
that  average  sky  lum.inance  of  approximately  2,000  to  3,000  Ft. 
Lamberts  may  be  experienced,  as  may  lum.inances  of  9,000  to  10,000 
Ft.  Lamberts  for  flight  into  the  tops  of  clouds.  It  r.ay  also  he 
anticipated  that  background  luminances  in  excess  of  3,050  Ft. 
Lamberts  might  be  experienced  while  diving  down  toward  (but  net 
into)  the  top  of  cloud  cover.  Unfortunately,  no  photometric  data 
were  identified  which  would  indicate  the  lum.inance  of  cloud  cover 
when  viewed  at  various  attitudes  and  altitudes  above  the  clcud 
cover . 

Finally,  It  is  estimated  that  viewing  glass  used  for  head-up 
display  applications  have  transm.it ivity  factors  rangi.-.g  from  cG'? 
to  90S  (Pef.  339).  Considering  also  that  canepy  light  trar.smitivi 
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of  approxinately  90%  also  is  ir,volved,  it  follows  that  head-up 
display  background  luainance  will  be  at  approximately  8 IX  of  the 
exterior  scene  luminance  in  front  of  the  display.  Under  what 
appears  to  be  the  worst-case  condition,  this  would  be  81X  of 
10,000  Ft.  Lamberts,  or  approximately  8,000  Ft.  Lamberts,  based 
upon  existing  photometric  data.  It  is  recognized  that  this 
estimate  may  be  low.  Again,  the  need  for  additional  description 
photometric  measurements  is  apparent. 


DISPLAY  BACKGROUKD  LUMIKANCE 

Display  background  luminance  level  is  a  result  of  one  or 
more  of  the  following  factors:  ambient  light  reflected  from  the 
display  face,  spurious  noise  generated  on  the  display  face 
resulting  fron  noise  in  the  signal  or  circuits  and  photo-- 
luminescence  of  display  phosphors  due  to  ambient  light  striking 
and  exciting  the  phosphors.  The  use  of  filters  and  anti- 
reflective  coatings  on  the  display  face  can  serve  to  reduce  each 
of  these  effects,  thus  resulting  in  reduced  display  background 
liaxinance.  Reductions  in  display  background  liiminance,  in  turn, 
result  in  reductions  in  emitted  symbol  luminance  needed  to 
produce  desired  symbol-display  contrast.  Ignoring  spurious 
visual  noise  and  phosphor  photolucinescence,  the  following  factors 
may  be  considered  as  primarily  affecting  display  background 
luminance,  symbol  luminance,  symbol-display  brightness  contrast 
and  symbol -display  color  contrast: 

-  Intensity  and  spectral  bandwidth  of  illuminance 
incident  upon  the  display. 

1 

-  Type  of  filter  used,  if  any  (neutral  derisity, 
thin  film  high  contrast,  circularly  polarizing, 
micronesh,  wire  mesh,  or  trichroic) . 

-  Filter  transmitivity,  reflectivity  rjid  bandwidth. 

-  Reflectance  of  display  structure,  including 
phosphor  and  surface  materials. 

-  Display  emission  spectral  bandwidth. 

Filters  are  frequently  used  in  conjunction  with  electronic 
displays.  In  the  flight  environment,  it  would  appear  that  the 
use  of  filters  or  similar  light  absorbing  techniques  will  be 
mandatory.  The  value  of  any  display  filtering  technicjue  depends 
upon  the  extent  to  which  the  filter  can  absorb  (or  block) 
illuminance  incident  upon  the  display  face  while  transmitting 
luminance  emitted  by  the  display. 

There  appears  to  be  wide  misconception  regarding  the  utility 
of  using  light  absorbing  filters  over  display  faces.  The 
misconception  appears  to  In'/olve  the  fact  that  any  such  filter 


460 


will  reduce  the  observed  lurinance  of  display  syirbology.  The 
misconception  is  that  a  reduction  in  syidbol  luminance  is  always 
undesirable.  This  is  untrue.  The  objective  of  using  filters  is 
to  enhance  the  contrast  between  symbology  and  display  background 
luminances.  Any  filter  which  reduced  display  background  luminance 
m.ore  than  it  reduces  symbology  luminances  offers  the  potential 
for  improving  symbol/display  contrast.  Obviously,  there  are 
extremes  beyond  which  the  utility  of  filtering  techniques 
produces  negative  returns.  For  example,  as  filter  transr itivity 
approaches  zero,  requirements  for  em.itted  syoJbol  luminance  at  the 
display  surface  might  becom.e  so  severe  as  to  result  in  severely 
shortened  display  life,  either  because  of  phosphor  burn  in  the 
case  of  CRT  displays,  or  because  of  material  failures  in  the  case 
of  solid  state  displays. 

The  lower  limits  of  transmitivity  and  reflectance  of  filters 
may  be  considerably  different  from  those  which  currently  are 
envisioned  as  practical.  Ketchel  and  Jenney  (Ref.  206),  for 
example,  indicate  that  filters  transmitting  less  than  70  percent 
would  be  useless  for  application  to  electrolurdnescent  displays. 
King  et  al.  (Ref.  208),  on  the  other  hand,  used  thin  film  high 
contrast  filters  which  transmitted  approximately  271,  and 
reflected  2.2)(  of  the  illuminance  incident  upon  them,  and  were 
able  to  achieve  "comfortably"  bright  electroluminescent  display 
symbology  even  under  conditions  in  which  incident  illuminance 
was  10,000  Ft.  Candles.  Subsequently,  filters  were  developed 
and  tested  which  transmitted  approximately  lOX  and  reflected 
only  0.3X  of  the  illuminance  incident  upon  them.  Although 
transmitivity  of  the  second  generation  filters  was  only  one- third 
that  of  the  first  generation  filters,  they  reflected  only  one- 
seventh  as  much  incident  illuminance.  Consequently,  contrast 
between  symbology  and  background  was  enhanced,  and  less  emitted 
luminance  was  required  in  order  to  produce  "comfortably"  bright 
symbology.  Display  life  also  was  lengthened. 

An  approach  to  display  design,  particularly  for  cockpit 
applications,  which  does  not  consider  the  latest  state-of-the- 
art  in  filter  technology  does  not  appear  practical.  Many  of  the 
derogatory  comments  directed  toward  the  use  of  filters  appear 
unwarranted,  and  the  advantages  which  filters  offer  both  in  terms 
of  legibility  and  display  life  are  quite  encouraging. 

Filter  Types 

Rather  little  has  been  published  regarding  the  utility  or 
disadvantages  of  various  types  of  filters  for  cockpit  electronic 
display  application.  Even  though  concrete  hur;ar.  performance  data 
for  various  filtering  techniques  are  extrer.ely  limited  at  this 
time,  several  filter  techniques  are  discussed  below. 

?ieutral  density  filters  are  transparencies  which  reduce  the 
intensity  of  light  transmission  without  significantly  altering 
the  spectral  composition  of  the  light.  Neutral  density  filters 
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reduce  display  luninance  as  a  function  of  their  density  and, 
therefore,  ^iransnitivity .  They  enhance  contrast  because  illumi¬ 
nance  incident  upon  the  display  face  is  attenuated  once  as  it 
passes  through  the  filter  on  its  way  to  the  display  face  and 
again  on  the  return  trip  from  the  display  face  to  the  observer's 
eyes.  Emitted  luminance,  however,  passes  through  the  filter 
only  once.  It  has  been  pointed  out,  however,  (Refs.  206  and  263) 
that  neutral  density  filters  are  not  highly  efficient. 

Thin  film  high-contrast  filters  work  on  the  same  funda¬ 
mental  principle  as  neutral  density  filters,  but  are  designed 
to  enhance  absorption  of  illuminance.  This  is  accomplished 
through  the  use  of  nonhcmogeneous  neutral  density  filtering 
material.  Such  filters  absorb  illuminance  passing  straight 
through  the  structure,  but  more  important,  they  absorb  light 
scattered  from  collisions  with  the  nonhomogeneous  material 
(Ref.  263).  Nonhomogeneous  high-contrast  filters  have  been 
used  extensively  in  research  dealing  with  the  legibility  of 
electroluminescent  displays  under  high  ambient  illumination 
conditions  (e.g..  Refs-  1,  208  and  265). 

Circular  polarizing  filters  incorporate  a  linearly 
polarizing  filter  plus  a  quarter-wave  retardation  sheet 
which  has  its  eixis  oriented  at  45  degrees  to  the  trans¬ 
mission  direction  of  the  linear  polarizer.  This 
configuration  'twists'  light  so  that  vibrations  leaving  the 
retardation  sheet  form  a  helix  of  circularity,  fcfhen 
circularly  polarized  light  reflects  from  a  spectral 
surface,  the  direction  of  rotation  is  reversed.  On  again 
passing  through  the  retardation  sheet,  the  change  in 
direction  emd  rotation  results  in  transforming  the 
reflected  circular  polarity  into  linear  exit  polarity, 
oriented  90  degrees  from  that  created  initially  when  the 
light  first  entered  the  filter.  Since  a  linear  polarizing 
filter  does  not  efficiently  transmit  light  90  degrees 
off  axis,  the  net  result  is  a  blocking  of  reflected  ambient 
illumination,  but  a  transmitting  of  display-emitted 
luminance.  It  has  been  pointed  out  (Ref.  206)  that  the 
blocking  effect  of  the  circular  polarizing  filter  is 
most  pronounced  when  the  reflecting  surface  oaits  specular 
reflections.  Because  phosphors  tend  to  emit  both  specular 
and  nonspecular  (depolarizing)  reflections,  the  amount  of 
ambient  washout  protection  varies  as  a  function  of  this 
factor.  Utility  of  the  circular  polarizer,  therefore,  is 
most  pronounced  when  speculaf  reflections  are  involved 
(Ref.  84) . 

Micromesh  filters  are  sometimes  referred  to  as  honeycomb, 
grid  or  directional  filters-  The  filter  is  made  up  of  finely 
perforated  metal  plates  which  are  then  laminated  between  layers 
of  glass.  The  filter,  thus,  consists  of  thousands  of  small, 
transparent  cells  of  selectable  diameter  and  depth.  Luminance 
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stxikir.g  the  filter  parallel  to  the  axis  of  the  cells  is  passed; 
liminance  striking  at  core  oblique  angles  of  incidence  (generally 
plus  or  nir.us  15  degrees)  is  blocked.  The  incident  angle  at  which 
light  is  passed  is  called  the  cone  of  acceptance  and  is  determined 
by  the  diameter  and  depth  of  the  light  transmitting  ceils.  As 
Ketchl^l  and  Jenney  (P.ef.  206)  point  out,  the  obser\'er  must  keep 
his  Yread  within  the  cone  of  acceptance  in  order  to  be  able  to  see 
displayed  content.  A.t  a  vicnwing  distance  of  28  inches,  a  plus  or 
minus  15  degree  cone  would  allow  head  movement  of  approximately 
plus  or  minus  seven  inches  laterally  or  vertically  free  an  axis 
normal  to  and  passing  through  the  center  of  the  display.  Similarly, 
however,  illuminance  incident  upon  the  display  face  also  must  have 
its  origin  within  the  cone  of  acceptance  in  order  to  produce 
maximum  display  washout.  The  probability  of  this  occurring  is  a 
function  both  of  aircraft  orientation  relative  to  the  sun  or  other 
source  of  illuminance  and  cockpit  configuration,  including  nulk- 
head  location  and  canopy  dimensions.  It  would  api>ear,  part;  ularly 
for  single  seat  or  tandem  fighter  cockpit  conf igi.irations,  th  I; 
display  washout  night  occur  if  the  =un  were  located  directly 
behind,  but  slightly  above  the  longitudinal  axis  of  the  aircr  "t. 
Aidditionally ,  the  cone  of  acceptance  would  preclude  side-by-s^  e 
crew  sharing  of  displays,  which  could  be  a  serious  drawback  for 
the  use  of  nicromesh  filters  in  certain  cockpit  configurations. 

Also,  considering  multi-jet  cargo,  transport  or  bomber  aircraft 
in  which  side-by-side  crew  seating  is  common  practice,  it  would 
appear  impractical  to  use  micromesh  filters  over  electronic 
displays  of  other  than  flight  information  since,  for  example, 
engine  ir.struments  are  centrally  located  on  such  panels,  and 
neither  crewmerher  would  be  able  to  read  the  instrur.ents  without 
exaggerated  lateral  head  and  body  movement. 

Trichroic  filters  have  been  examined  in  relation  to  enhancing 
syriKjl  contrast  for  head-up  displays  (Ref.  195).  A  trichroic 
coating  is  a  thin  film  deposit  which  reflects  a  narrow  wavelength 
band  of  visible  energy  (e.g..  50  millimicrons  wide)  (Ref.  206) 
while  transmittiijg  most  of  tn©  visible  energy  at  both  longer  and 
shorter  wavelengths.  The  net  result  is  an  enhancement  of  color 
contrast  for  the  particular  color  (wavelength)  for  which  the 
coating  is  designed.  As  Ketchel  and  Jenney  (Ref.  206)  point  out, 
when  the  filter  notch  is  designed  to  remove  the  specific  wave¬ 
lengths  of  light  which  match  the  display  phosphor  color,  a 
contrast  enhancement  occurs  because  the  display  color  which  is 
projected  against  the  head-up  display  combining  glass  is  reflected 
back,  while  little  matching  real-world  color  of  the  same  wave¬ 
length  band  is  present  to  compete  with  it.  Additional  discussion 
regarding  the  use  of  trichroic  filters  and  the  effects  upon  usage 
of  color  codes  may  be  found  in  References  278  and  279. 

Wire-nesh  filters,  not  to  be  confused  with  micror.esh  filters, 
also  have  received  some  attention.  Wire-mesh  filters  consist  of 
strands  of  wire  ai ranged  into  a  cross-hatch  pattern  and  e:±«dded 
in  a  glass  carrier.  The  carrier  m.ay  be  only  partially  transparent, 
as  a  neutral  density  filter,  and  nay  be  coated  with  anti-ref iective 


coatings.  Wire-mesh  filters  are  designated  by  (a)  the  diaineter 
of  the  wire  used  and  (b)  the  number  of  wires  and  intervals  per 
inch.  Thus,  a  2.1  mil  200  mesh  filter  has  a  wire  diameter  of 
0.0021  inches  with  100  wires  and  100  spaces  per  inch. 

Bruns  and  Miller  (Ref.  51)  explored  the  effects  of  three 
wire-mesh  filters  upon  the  measured  contrasts  of  a  ten-step  gray 
scale  of  a  TV  monitor.  The  three  filters  were:  a  2.5  mil  400 
mesh  experimental  filter;  a  2.1  mil  200  mesh  Techtronic  oscillo¬ 
scope  filter;  and  a  3  mil  325  mesh  experimental  filter. 
Transmitivities  for  the  three  filters  were  21%,  27%  and  25% 
respectively.  The  effects  of  the  filters  were  examined  by 
placing  each  filter  over  the  TV  monitor  and  making  photometric 
measurements  of  the  resulting  luminance  of  each  step  in  a  standard 
TV  test  pattern  gray  scale.  Only  two  levels  of  illuminance  upon 
the  display  were  used.  They  were  6.5  Ft.  Lamberts  and  2,000  Ft. 
Lamberts.  Table  96  presents  the  data  which  resulted  from  the 
photometric  measurements.  Figure  194  summarizes  the  data 
converted  to  measures  of  percent  contrast.  It  is  apparent  from 
the  data  presented  that  gray  scale  contrast  was  enhanced  for  the 
lighter  gray  steps,  but  was  decreased  for  the  darker  gray  steps. 
Bruns  and  Hiller  conclude  that  the  2.5  mil  400  mesh  experimental 
filter  was  most  effective  in  transmitting  display  luminance  while 
reflecting  and  absorbing  ambient  illuminance.  The  2.1  mil  200 
mesh  Techtronic  oscilloscope  filter  was  nearly  as  effective, 
while  the  3  mil  325  mesh  experimental  filter  proved  to  be  some¬ 
what  poorer.  The  effects  of  the  filters  upoh  some  index  of 
human  task  performance  were  not  examined. 

Confcinations  of  filters  have  received  little  apparent 
attention,  but  appear  to  offer  promise.  Colman  et  al.  (Ref.  84) 
report  the  development  of  a  compound  filter  for  application  in 
air  traffic  control  tower  radars.  The  filter  incorporates  the 
•invisible  glass*  principle  which  is  covered  by  two  basic 
patents:  U.S.  Patent  No.  1,911,881  dated  30  May  1933  yo 
Gerald  Brown  of  Barnes,  London,  Engleind,  and  U.S.  Patent  No. 
2,003,735  dated  4  June  1935  to  Gerald  Brown  and  Edward  Pollard. 
Fundamentally,  the  "invisible  glass"  principle  is  based  upon  the 
law  of  reflection;  i.e.,-the  angle  of  incidence  equals  the  euigle 
of  reflection.  By  curving  a  glass  surface  so  that  light  incident 
to  the  surface  is  always  reflected  away  from  the  eye  of  the 
observer  and  into  a  light  etbsorbing  surface  (or  light  trap)  , 
numerous  reflections  can  be  eliminated.  To  further  control 
illuminance  reflected  from  the  radar  display  face,  Colman  et  al. 
arranged  a  circularly  polarizing  filter  on  the  tube  side  of  the 
"invisible  glass".  Although  detailed  data  are  not  presented, 
Colman  et  al.  indicate  that  compeirative  physical  measurements 
were  made  which  showed  a  reduction  in  reflected  luminance  of 
97%.  Limitations  of  this  technique  for  cockpit  application, 
however,  appear  to  include  the  design  of  an  extensive,  physical 
shield  on  either  side  of  the  display  to  support  the  filter  as 
well  as  to  block  illuminance  impinging  upon  the  display  face 
from  the  side. 
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Table 

96.  Measured  Luminance  Values 

(Ft.  Lanherts) 

for 

Several  Shades  of  Gray  with  6 

.5  and  2,000 

Ft.  Laoberts 

of  Ambient 

Light. (Adapted  from  Ref 

.  51) 

Ambient  Luminance  of  6.5  Ft. 

Lairi>erts 

Filter 

Open 

2.1-Mil 

3.0-Mil 

2.5-Mil 

Gray  Step 

Monitor 

200-Mesh 

325-Mesh 

400-Mesh 

1 

.4 

0.6 

0.6 

0.5 

2 

6 

1.0 

1.0 

0.7 

3 

10 

2.1 

1.7 

1.5 

4 

S  16 

3-4 

3.1 

2.6 

^  c 
o  D 

22 

6.0 

5.8 

4.8 

■p 

6 

cn 

42 

13-0 

11.0 

8.4 

;a  7 

73 

22.0 

19.0 

17.0 

1  “ 

123 

30.0 

28.0 

22.0 

T  9 

177 

42.0 

40.0 

34.0 

10 

230 

58.0 

54.0 

42.0 

Ambient  Luminance 

of  2,000  Ft 

Lamberts 

Filter 

Open 

2.1-Mil 

3.0-Mil 

2.5-Mil 

Gray  Step 

Monitor 

200-Mesh 

325-Mesh 

400-Mesh 

1 

890 

95 

105 

68 

2 

920 

98 

105 

73 

3 

945 

99 

103 

75 

4 

M 

960 

99 

103 

75 

0)  C 

980 

99 

110 

78 

O'  6 
•H 

990 

105 

117 

84 

7 

1 

1,010 

118 

128 

95 

1.050 

122 

135 

102 

i  ’ 

1,110 

136 

156 

106 

10 

1,150 

145 

160 

110 
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King  et  al.  (Ref.  208)  report  limited  data  from  a  brief 
exploration  %rhich  was  intended  to  improve  the  contrast  of  symbols 
on  electroluminescent  displays.  They  found  that  adding  a 
circularly  polarizing  filter  to  an  existing  thin  film  high- 
contrast  filter  reduced  illuminance  reflected  from  the  displays 
from  approximately  2.2%  to  0.3%.  The  reduction  in  reflected 
luminance  was  accompanied  by  a  reduction  in  emitted  luminance 
necessary  to  produce  legible  displays. 

Other  contrast  enhancing  techniques  also  exist.  One  of  the 
more  promising  is  the  trcinsparent  phosphor  which  will  allow  a 
high  percentage  of  illuminance  incident  upon  a  display  face  to 
pass  through  the  phosphor  layer  to  the  interior  of  the  display 
where,  with  proper  design,  much  of  the  transmitted  illuminance 
may  be  absorbed  (Ref.  111).  The  advantage  of  this  technique  lies 
in  the  fact  that  since  less  incident  iiiurinance  is  reflected 
from  the  display  Surface,  filters  cf  higher  trcir.sritivities  TJignz 


Figure  194.  Ccmparison  of  Percent  Contract  Between  Pairs  of 
Adjacent  Shades  of  Gray  for  Open  Monitor  Versus  Average 
of  Three  Wire  Mesh  Filters  Under  High  Ambient  Lighting 
(2,000  Ft.  Lamberts).  (Adapted  from  Ref.  51) 
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La  e.-rployed  to  reduce  display  tackground  lurar.arice  levels  without 
severely  attenuating  emitted  luminance  cf  symbology.  Ketchel 
and  Jenney  (Ref.  206)  also  point  to  non-linear  optical  filters 
(Ref.  211)  and  fiber  optic  faceplate^  as  potentially  promising 
contrast  enhancing  techniques.  At  present,  however,  little  is 
known  of  the  operational  advantages  of  these  techniques  in  terms 
of  human  performance. 

Finally,  Ketchel  and  Jenney  reported  some  optimism  about 

fevoloprient  cf  a  high  resolution  (l.COO  line)  high  brightness 
j:  which  would  emit  20,000  Ft.  Lamberts  of  peak  highlight  bright¬ 

ness.  Even  if  such  a  CRT  were  to  be  developed,  it  would  appear 
that  even  such  a  brute  force  approach  would  require  the  use  of 
some  display  fr^.ce  filtering  since  the  reported  (Ref.  343)  absolute 
r’.aximua  upper  limit  of  human  tolerance  for  luminance  is  16,000  Ft. 
Lamberts.  Neither  the  requirement  for,  nor  the  desirability  of 
such  high  enitted  luminance  levels  has  been  established.  Indeed, 
the  present  authors  conclude  that  high  luminance  emissions  on  the 
order  of  20,000  Ft.  Lamberts  provide  a  questionable  sclution  to 
the  display  visibility  problem.  King  et  al.  (Ref.  208) ,  for 
example,  were  able  to  achieve  “comfortably"  bright  electro¬ 
luminescent  displays  with  a  maximum  emitted  luminance  (behind  a 
thin  film  high  contrast  filter)  of  less  than  300  Ft.  Lamberts. 

This  was  accomplished  when  10,000  Ft.  Candles  of  illuminance  was 
incident  upon  the  displays  and  was  achieved  through  the  control 
of  both  reflected  and  transmitted  luminances  by  means  of  filter 
design.  Although  the  findings  of  King  et  al.  are  limited  to  the 
bargraph  and  numeric  readout  displays  which  they  studied,  there 
certainly  appears  to  be  a  clue  here  for  other  display  applications, 
including  radar,  imagery  and  flight  display  presentations. 

C'rnclusions 

Because  the  human  eye  is  ratio  sensitive,  it  responds  to 
luminance  differences  between  symbology  and  general  display 
background.  Symbol-display  contrast  can  be  enhanced  either  by 
;  rute  force  .-.ethods  of  creating  high  syrrhol  lur.inance,  by  using 
filtering  or  transparent  pnosphor  tec.u.iques  to  reduce  display 
background  luminances,  or  by  combinations  of  the  two. 

This  brief  review  of  types  of  filters  and  their  potential 
utility  for  reducing  display  background  luminance  as  a  technique 
for  enhancing  symbol-display  contrast  was  intended  to  identify 
some  of  the  alternatives  which  currently  ex7st.  Obviously,  it 
was  not  intended  as  a  comprehensive  state-of-the-art  survey  of 
filter  design  and  filter  technology.  Physicists,  astronomers, 
microscopists ,  photographers  and  others  all  make  use  of  special 
types  of  filters.  A  review  of  their  literature  and  techniques 
should  prove  valuable  and  useful  to  the  display  design  engineer. 


Requirenents  for  human  factors  data  involve  the  cocprehensive 
specification  of  symbol-display  contrast  requirements  for  various 
types  and  colors  of  symbology,  operator  tasks  and  eye  adaptation 
levels.  A  primary  requirement  for  developing  the  necessary 
contrast  data  is  the  specification  of  the  range  of  display  back¬ 
ground  luminances  %diich  are  to  be  anticipated  for  operational, 
airborne  electronic  displays.  The  utility  of  various  filtering 
techniques  has  been  deiaonstrated.  Furthermore,  the  use  of 
display  face  filtering  or  transparent  phosphor  techniques  appears 
to  offer  the  most  promising  avenue  for  future  display  design. 
Hence,  the  question -is:  What  is  the  probable  range  of  display 
background  luminance  levels  which  might  be  anticipated  in 
filtered  electronic  displays  designed  for  cockpit  usage? 

The  use  of  filters  has  received  some  attention  in  the  human 
factors  literature.  A  review  of  this  literature,  however, 
identified  no  comprehensive  data  relating  to  the  effects  of 
various  filter  types,  either  siiigly  or  in  combination  with  other 
display  reflectance  or  emission  characteristics.  Quantitative 
data  which  were  identified  were  not  broad  in  scope,  having  been 
derived  solely  from  highly  specific  research  cuid  development 
contexts.  Unfortunately,  lio  photometric  data  were  identified 
which  dealt  specifically  with-  some  of  the  more  promising  develop¬ 
ments  such  as  transparent  phosphor  displays. 

Based  upon  the  human  factors  literature.  Table  97  presents 
a  representative  summary  of  recent  measurements  of  the  combined 
effects  of  filters  and  other  display  characteristics  upon  display 
background  luminance  levels  under  high  ambient  cockpit  light 
conditions.  From  such  data  it  is  difficult  to  objectively 
establish  the  range  of  display  background  luminances  which  may 
characterize  cockpit  applications  of  unshielded,  panel-mounted 
electronic  displays.  The  lower  limit  is  relatively  easy  to 
anticipate  at  approximately  0.1  Ft.  Lamberts.  The  upper  limit, 
however,  is  more  difficult  to  anticipate. 

Based  upon  the  data  in  Table  97,  for  conditions  under  which 
10,000  Ft.  Candles  of  illuminance  would  be  incident  upon  a  panel- 
mounted  electronic  flight  display^  resulting  display  background 
luminances  could  range  from  30  to  over  1,700  Ft.  Lamberts, 
depending  upon  display  construction  and  the  type  of  filter  used. 
Because  the  practicality  of  a  display-filter  combination  resulting 
in  only  0.3X  reflectance  has  been  demonstrated  (Ref.  208),  it  is 
reasonable  to  assiime  that  maximum  background  luminances  for 
future  displays  should  be  closer  to  30  Ft.  Lamberts  than  to  1,700 
Ft.  Laiaberts.  The  problem  is  to  realistically  identify  a  probable 
maximum  backgroiind  luminance  from  within  this  range.  At  this 
time,  it  is  apparent  that  any  decision  is  somewhat  arbitrary. 
However,  for  panel-mounted  displays  incorporating  a  high  degree 
of  filtering,  it  is  our  judgement  that  background  luminance  levels 
in  ercess  of  1,000  Ft.  Lamberts  can  be  avoided.  It  also  is 
apparent  that  additional  filter  development  actWities  are  quite 
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Table  97.  Measures  of  Reflected  Display  Luminance  Under 
Conditions  of  High  Illuminance  Incident  Upon  Display  Faces. 


/ 
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necessary,  as  are  human  factors  evaluations  of  the  utility  of 
filters  thus  developed.  A  defensible  selection  of  an  upper  limit 
for  display  background  luminance  would  have  to  follow  from  such 
evaluations - 

Obvious  exceptions  to  the  use  of  neutral  density-type  or 
mesh- type  filters  are  head-up  displays  and  the  helmet-mounted 
displays.  Each  of  these  requires  the  maintenance  of  the  pilot’s 
ability  to  view  real-world  imagery  and  targets  through  the 
display  faces.  Based  upon  computations  discussed  previously,  it 
is  estimated  that  display  background  luminances  for  these  types 
of  displays  froc  0.1  to  8,000  Ft.  Lamberts  cure  to  be  anticipated. 
Thus  the  range  of  background  luminance  levels  for  panel-mounted 
displays  lies  well  within  the  range  of  background  luminance 
values  which  are  to  be  cuiticipated  for  head-up  displays. 

The  use  of  trichroic  filtering  techniques  is  finding  wide 
application  for  head-up  displays,  and,  consequently,  both  color 
and  brightness  contrast  techniques  are  involved  in  making  head- 
up  display  symbology  legible  under  high  ambient  illumination 
conditions.  Nonetheless,  within  the  context  of  providing 
generalizable  legibility  contrast  ratio  design  data  which  will 
be  useful  to  the  full  spectrum  of  flight  displays,  it  would 
appear  quite  recisonable  to  assume  that  this  could  be  accomplished 
by  establishing  contrast  ratios  required  to  make  vcurious  types 
of  symbology  legible  against  display  background  luminance  levels 
'ranging  from  0.1  to  8,000  Ft.  Lamberts.  However,  above  1,000 
Ft.  Lamberts,  it  would  appear  only  reasonable  to  establish 
brightness  contrast  requirements  only  while  also  taking  into 
consideration  the  color  contrast  provided  by  trichroic  filtering 
techniques. 


CaJTRAST  POLARITY 


In  a  brief  review  of  the  literature  dealing  with  electronic 
display  legibility  contrast  ratio  requirements,  Ketchel  (Ref. 
203)  cited  data  frcn  an  unpublished  report  by  Kelly  (Ref.  200) 
dealing  with  the  polarity  of  symbology  for  electronic  displays. 
Reportedly,  Kelly  investigated  light  symbols  against  a  dark  TV 
display  background  and  dark  symbols  against  a  light  TV  display 
background.  It  was  concluded  that,  for  televised  symbols,  white 
characters  on  a  dark  background  are  more  legible  under  low 
ambient  illumination  levels,  but  that  dark  symbols  on  a  light 
background  were  found  superior  when  ambient  illumination  level 
were  on  the  order  of  2,000  Ft.  Lamberts.  Ketchel  further 
repKjrted  that  high  ambient  illumination  affected  dark  symbols 
differently  than  light  symbols.  A  change  in  ambient  illumina¬ 
tion  from  585  to  2,005  Ft.  Lamberts  caused  a  measured  increase 
of  16  Ft.  Launberts  in  the  luminance  values  of  the  dark  symbols, 
but  added  25  Ft.  Lamberts  to  the  lighter  symbols.  Presumeibly, 
the  increases  resulted  from  reflectance  and  photoluminescence. 


470 


If  the  latter  neasurements  are  correct,  it  would  appear  that 
a  contradiction  may  exist  in  the  above  comments.  The  contradiction 
stems  from  the  fact  that  Kelly  reportedly  indicated  that,  under 
higher  ambient  illumination  levels,  dark  symbols  on  a  light  back¬ 
ground  were  preferred.  However,  it  is  also  reported  that,  as 
expected,  greater  illuminance  values  were  associated  with  light 
symbols  under  the  high  ambient  conditions.  It  would  seem 
reasonable  to  expect,  therefore,  that  light  symbols  on  a  dark 
background  would  be  preferred  for  high  ambient  illun,ination 
conditions,  since  the  higher  ambients  would  produce  greater 
increases  in  symbol  luminance  than  in  darker  display  background 
luminances,  thereby  enhancing  the  symbol-to-di splay  background 
contrast.  Ketchel,  however,  did  not  report  the  criteria  upon 
which  Kelly  made  his  recommendations,  and  it  is  possible  that  a 
loss  of  symbol  sharpness  might  have  been  associated  with  light 
symbols  on  a  dark  background. 

In  reviewing  the  literature  dealing  with  the  effects  of 
direction  of  contrast  upon  alphanumeric  legibility  for  televised 
displays,  Shurtleff  (Ref.  304)  has  concluded  that  direction  of 
symbol  contrast  has  a  small  effect  upon  alphanumeric  legibility. 
Differences  typically  are  on  the  order  of  4f  to  5X  in  reading 
,s error.  Typically,  overall  readijig  errors  associated  with  such 
studies  have  been  quite  large  and  on  the  order  of  2S%  or  greater. 
Consequently,  a  difference  of  4*  or  5%  is  of  little  practical 
significance.  Shurtleff  also  points  out,  however,  that  data  which 
are  available  are  applicable  primarily  to  display  applications 
involving  moderate  to  low  ambient  illumination  levels,  typically 
below  1,000  Ft.  Lamberts. 

Baker  and  Elarl  (Ref.  15)  have  reported  a  recent  experimental 
study  dealing  with  the  detection,  on  a  noise-free  display,  of 
small  light  radar  pips  against  a  darker  display  background  versus 
darker  pips  against  a  light  background.  Relatively  low  display 
lum-inance  were  involved.  They  repopt  no  meaningful  differences 
in  visibility  thresholds  for  the  two  directions  of  contrast. 

From  the  available  literature,  it  would  appear  that  contrast 
polarity  has  little  practical  impact  upon  symbol  identification. 

For  conditions  involving  ambient  illumination  levels  above  1,000 
Ft.  Lamberts  and  correspondingly  high  display  background 
luminances,  available  experimental  evidence  indicates  that  dark 
symbols  against  a  lighter  background  might  result  in  improved 
legibility.  As  noted  previously,  however,  one  would  anticipate 
that  the  opposite  would  prove'  to  be  the  case  because  of 
considerations  of  display  washout  when  a  lighter  display  background 
is  used.  It  would  appear  desirable,  therefore,  to  briefly  explore 
the  effects  of  contrast  polarity  upon  alphanumeric  legibility  and 
symbol  identification  under  conditions  of  hiah  ambient  illuminance 
and  higher  display  background  luminances  which  night  be  anticipated 
in  the  cockpit.  Although  it  would  be  anticipated  that  differences 
in  legibility  might  be  quite  small,  the  fighter  cockpit,  for 
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exaiople,  provides  a  severe  illumination  environment  for 
electronically  generated  displays,  and  there  is  little  harm  in 
attempting  to  maximize  display  legibility  within  that  environment. 


EMITTER  COLOR 

If  electronic  flight  displays  incorporate  colored  symbology, 
the  specification  of  contrast  ratios  must  take  into  account  the 
fact  that  visual  thresholds  of  the  humaui  eye  vary  as  a  function 
of  the  wavelength  (color)  of  the  symbol.  Symbol-background 

color  contrcist  also  must  be  considered. 

« 

One  attribute  of  single- frequency  luminance  which  is  related 
to  its  role  as  a  color  stimulus  is  wavelength.  Wavelength  is 
typically  expressed  in  millimicrons  (millionths  of  a  millimeter) . 

The  shortest  wavelength  luminance  which  ordinarily  is  perceived 
as  a  color  stimulus  is  380  millimicrons,  although  under  certain 
laboratory  conditions  luminance  of  wavelengths  as  short  as  300 
millimicrons  may  be  visible.  The  longest  wavelength  luminance 
which  ordinarily  is  perceived  as  a  color  stimulus  is  770  milli¬ 
microns,  although  under  Ccirefully  controlled  conditions  luminance 
of  wavelengths  as  long  as  1,000  millimicrons  may  be  visible. 

For  practical  purposes,  however,  the  human  visible  spectrum  lies 
between  380  and  770  millimicrons.  Table  98  presents  scane  color 
names  typically  associated  with  luminance  wavelengths  in  the 
visible  spectmm. 

Figures  195  and  196  show  the  differential  sensitivity  of  the 
human  eye  to  wavelengtns  comprising  the  visible  spectrum.  Of  ( 

particular  interest  are  the  photopic  (cone)  vision  curves  since 
these  curves  relate  the  human  color  vision.  Figure  196  is  the 
luminosity  curve  for  the  "standard  observer"  according  to  the 
1931  agreements  of  the  International  Commission  on  Illumination. 

The  luminosity  curve  in  Figure  196  is  of  greater  value  in 
the  area  of  identifying  contrast  ratios  for  electronic  display 
design  since  it  relates  the  sensitivity  of  the  cones  of  the  eye 
to  various  wavelength  luminauices,  and  expresses  the  differential 
sensitivity  relative  to  the  maximum  visual  sensitivity,  which 
occurs  at  555  millimicrons  (green-yellow  symbology) .  The 
generality  of  the  curve  is  further  enhanced  by  the  fact  that 
the  human  eye  is  approximately  as  sensitive  to  white  luminance 
as  it  is  to  the  green-yellow  luminance  (555  millimicrons)  . 

Thus,  more  radiant  energy  (e.g.,  watts)  is  required  to 
produce  visually  detectable  stimuli  for  wavelengths  lying  near 
the  ends  of  the  visible  spectrum.  Practically  all  photometers, 
however,  are  calibrated  for  the  luminosity  curve  of  the  standard 
observer.  Consequently,  what  the  hiunan  eye  would  see  as  "less 
bright"  because  of  the  wavelength  of  the  syriology,  tne  photo¬ 
meter  also  will  "see"  (i.e.,  measure)  as  less  luminous.  Because 
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Table  98.  Some  Typical  Color  Names  Associated  with 
Luminance  Wavelengths  Comprising  the  Visible  Spectrum. 


Wavelength 

Band 

Typically  Associated 
Color  Name 

380-470 

Reddish  Blue 

470-475 

Blue 

475-480 

Greenish  Blue 

480-485 

Blue-Green 

485-495 

Bluisi.  Green 

495-535 

Green 

535-555 

Yellovfish  Green 

555-565 

Green- Yellow 

565-575 

Greenish  Yellow 

575-580 

Yellow 

580-585 

Reddish  Yellow 

585-595 

Yellow- Red 

595-770 

Yellowish  Red 

of  this,  contrast  ratio  computations  based  upon  measured  symbol 
and  background  luminances  need  not  take  wavelength  into  account. 
Using  luminance  estimates  calculated  from  physical  energy 
values,  however,  would  require  taking  the  Ivnninosity  function 
into  account. 

Research  which  has  addressed  legibility  contrast  ratio 
requirements  for  electronically-generated  symbology  has  not 
systematically  taken  emitter  (and  thus  symbology)  and  display 
background  colors  into  account.  This  has  not  posed  problems  for 
black  and  white  displays.  However,  the  operational  use  of  color 
in  CRT  displays  is  not  unforseeable,  and  many  solid  state 
displays  inherently  involve  colored  symbology. 

Design-oriented  color  contrast  data  are  conspicuously 
lacking  in  the  literature.  Several  well  established  facts  about 
color  vision,  however,  point  up  the  need  for  such  data.  For 
exang^le,  a  change  in  the  color  of  a  background  will  modify  the 
perceived  color  of  the  symbol.  Yellow  and  violet  stimuli  (at 
equal  measured  luminances)  are  indistinguishable  at  small  angular 
subtenses.  Discriminability  of  both  color  difference  and 
saturation  (amount  of  color)  is  degraded  at  very  low  and  very 
high  levels  of  illumination.  These  and  similar  laboratory 
findings  point  to  the  need  for  design-oriented  color  contrast 
data. 


The  reader  nust  be  aware,  therefore,  that  syriiol-Lacicgrour.d 
color  contrast  is  a  significant  design  variable  and  tnat  ne  nust 
exercise  his  own  variety  of  caution  in  specifying  legibility 
contrast  ratios  for  symbology  of  other  than  vnite  or  green- 
yellow  color  viewed  against  gray  backgrounds  since  it  is  these 
wavelengths  and  wavelength  combinations  upon  whicn  the  najcrity 
s:  des icn-oriented  contrast  ratio  data  have  been  taken. 


EAHLY  COiNTRAST  RATIO  RECOMMENDATIOh'S 

In  a  1961  report  (Ref.  131)  ,  the  General  Electric  Cenpany 
'Suggested  that  a  symbol-to-display  background  contrast  ratio  of 
856  would  result  in  good  5\nrboi  visibility.  The  recorniendatie . 
wis  made  in  conjiinction  wieh  de  ^eiopnent  of  a  contact  analog 
d;  splay  format.  The  recomrendation ,  r.owever,  was  noo  substan 
3ted  in  any  detail.  Ketchei  (Ref.  points  o^-  chat  the  5 

figure  may  have  been  derived  from  data  presented  by  Chatanis  in 
Hunan  Factors  in  Undersea  Warfare  -.Ref.  260).  In  -ne  h:t-;, 
Chapanis  cited  prior  werk  by  Connor  and  Cancug  It,  aund 

Cobb  and  Moss  (Ref.  75) .  These  data,  aitheugh  somewhat  incon¬ 
sistent,  tended  to  show  improverenrs  in  visual  acuity  between 
percent  contrasts  of  76  and  93%  at  a  background  luitinance  of 
1.0  Ft.  Lamberts,  and  between  50  and  100%  contrasts  at  a  back¬ 
ground  luminance  of  100  Ft.  Lamberts.  A  midpoint  for  these 
ranges  would  be  approximately  85%.  The  limiting  factor 
associated  with  these  data  is  that  they  are  based  upon  visual 
acuity  tasks,  and  the  correspondence  to  flight  display  tasks  is 
not  estciblished.  Finally,  the  range  of  display  background 
luminances  investigated  may  not  be  representative  o  f  tnose  to  oe 
found  in  the  cockpit,  and  varying  eye  adaptation  levels  and  sun 
visor  conditions  are,  of  course,  not  reflected  in  the  data. 


COMPUTATIONS  OF  CONTRAST  RATIOS 

Carel  (Ref.  58)  has  published  a  computational  procedure  fer 
estimating  symbol/display  contrast  requirements  based  upon 
contrast  threshold  data  for  the  human  eye  published  by  Blackwell 
(Ref.  32) .  Carel  indicates  that  given  the  ambient  luminance  and 
requirements  for  a  given  number  of  shades  of  gray,  the  dynamic 
range  (ratio  of  least  to  greatest  emitted  luminance)  and 
luminance  requirements  may  be  reasoneibly  estimated  for  achroicatic 
(black  and  white)  displays.  The  procedure  is  based  upon  the 
premise  that  data  are  available  which  allow  estimates  of: 

a)  values  required  to  reach  a  50%  threshold  of 
visibility 

b)  values  required  to  reach  vgreater  than  50 i 
thresholds 
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c)  values  required  to  reach  operationally  useful 
image 

d)  values  required  to  compensate  for  the  fact 
that  the  eye  may  be  adapted  to  luminance 
levels  greater  than  those  of  the  display 

e)  values  required  for  achieving  clearly 
discriminable  gray  shades  - 

By  judicious  use  of  existing  data,  estimates  of  required 
luminances  and  contrasts  may  be  reached. 

The  basic  data  for  all  estimates  were  generated  by  Blackwell 
in  his  study  (Ref.  32)  of  contrast  thresholds  of  the  human  eye. 
The  curves  in  Figure  197  are  plotted  from  Blackwell's  data  and 
have  been  adapted  from  Ccirel.  ‘The  curves  show  the  contrast 
required  for  small  stimuli  to  be  visible  50%  of  the  time.  The 
curves  arc  a  function  of  background  luminance  and  target  size. 
Contrast  ratios  required  for  99%  threshold  are  estimated  by 
first  establishing  the  contrast  required  for  50*  threshold  for 
the  target  size  and  display  background  brightness  of  interest, 

'and  then  multiplying  the  contrast,  ratio  by  three. 

Figure  198,  also  adapted  from  Carel,  shows  how  visual  acuity 
also  is  affected  by  contrast  and  display  background  luminance. 

In  a  skeletal  display,  such  as  a  VSD  or  HDD,  requirements  are  not 
only  that  thin  line  elements  comprising  th.e  symbology  be  uscible, 
but  also  that  readout  accuracy  be  maintained  by  assuring  that  the 
separation  between  two  elements  be  visually  resolvable,  at  least 
down  to  sepaurations  equal  to  one  line  width.  For  this  reason, 
the  contrast  ratios  derived  separately  from  Figure  197  and  198 
should  be  compared,  and  in  calculating  display  Ituninance  require¬ 
ments  the  most  demanding  value  should  be  use<i .  Contrast  ratios 
determined  from  the  figures  also  are  multiplied  by  three  in  order 
to  correct  50*  thresholds,  upon  which  the  data  are  )ase<; ,  to  99* 
threshold  of  detection.  A  note  of  caution  mu  ‘  be  inserted.  It 
is  apparent  in  Figure  198  t;  tt  data  applicable  to  anticipated 
display  background  luminance  (i.e.,  30  to  1,700  Ft.  L.)  consist 
of  extrapolations  of  curves  generated  for  much  lower  b-.ckg  round 
luminances . 

The  background  luminance  of  a  skeletal  display,  such  as  a 
VSD  or  HDD,  may  be  considered  as  the  brightness  of  the  tulve  face 
where  there  is  no  image.  Since  the  level  of  display  background 
luminance  may  be  considerably  less  than  the  siirrounding  (e.g., 
sky)  luminance  to  which  the  eye  is  more  adapted,  the  resulting 
"adaptation  mismatch"  may  impact  upon  contrast  ratio  requirements. 
Carel  indicates  that  the  mismatch  is  of  little  practical  con¬ 
sequence  as  long  as  the  surround  luminance  level  is  no  greater 
than  ten  times  the  display  background  luminance.  For  ratios 
greater  than  ten.  Figure  199  is  used  in  order  to  determine  a 
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Minutes  of  Arc  Symbol  Size  in 

Minutes  of  Arc 


Contrast 


)1  Luinir.artce  -  Background  Tjimi  nance 
Background  Luminance 


Figure  197.  Contrast  Thresholds  of  the  Eye. 
(Adapted  from  Ref.  58) 


Background  Luminance  in  Ft.  Tamberts 


Figure  198.  Visual  Acuity  as  a  Function  of  Contrast. 
(Adapted  from  Ref.  58) 
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Ratio  of  Surround  Luminance  to  Display 
Background  Luminance 

Figure  199-  Correction  Factors  for  Eye  Adapation  Mismatch. 
(Adapted  from  Carel,  Ref.  58) 


correction  factor  for  the  contrast  ratios.  It  should  be  noted 
that  the  curve  in  Figure  199  is  in  close,  although  not  total 
agreement  with  similar  data  shown  in  Figure  193. 

Carel  also  indicates  that  correcting  the  basic  Blachvell 
data  or  Chapanis  data  for  both  threshold  and  adaptation  mismatch 
will  result  in  a  “ghostly"  image.  He  indicates  that  resulting 
contrast  ratios  must  be  multiplied  by  at  least  five  (Muller  s 
constant)  before  the  image  will  be  bright  enough  to  be  viewed 
comfortably. 

The  result  of  the  preceding  computations  is  the  contrast 
ratio  required  to  make  a  target  of  specified  minimiim  dimension 
clearly  visible  against  a  known  display  background  brightness  and 
for  an  estimated  range  of  eye  adaptation  levels.  Carel  indicates 
that  coBtpu  tat  ions  made  in  this  manner  are  in  good  agreanent  with 
observations  which  he  has  made  while  informally  investigating 
contrast  requirements  for  useful  shades  of  gray  in  cathode  ray 
tubes. 

A  computational  example  follows  in  order  to  clarify  Carol's 
procedure-  Assume  the  following  conditions:  Lines  used  for 
display  symbol  construction  are  3-4  minutes  of  arc  in  width. 
Display  background  luminance  is  20  Ft-  Lamberts;  surround  (sky) 
luminance  is  200  Ft.  L.  From  Figure  197,  required  contrast 
for  50%  threshold  for  a  3.4  minute  of  arc  target  against  a  20 
Ft.  Lambert  background  is  0.03  (note  that  these  are  not  “percent 
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contxast"  data)  .  Figure  198  shows  that  the  contrast  required 
for  that  order  of  acuity  is  0.05.  The  more  stringent  value  of 
0.05  is  selected.  The  selected  contrast  ratio  is  multiplied  by 
3.0  to  correct  for  50%  threshold,  resulting  in  a  contrast  ratio 
of  0.15.  Muller's  constant  (5)  is  applied,  raising  the  contrast 
ratio  to  0.75.  Because  of  the  difference  in  luminance 
between  the  surround  and  the  display  background.  Figure  199  is 
consulted,  and  an  "adaptation  mismatch"  correction  factor  of  1.2 
is  applied,  raising  the  required  contrast  to  its  final  value  of 
0.90.  Using  the  following  equation,  the  limiinance  of  the 
symbology  may  be  determined: 


Contrast 


Symbol  Luminance (S)  -  Background  Luminance  (B) 
Backgroimd  Luminance  Tb) 


0.90 


Since  Symbol  Luminance  =  Background  Luminance  +  Emitted  Luminance 
(E) 

/D  ^  E)  ^  B 

Therefore,  Contrast  =  - g -  =  0.90 

=  I  =  0.90 


Emitted  luminance,  thus,  is  18  Ft.  L. 

Thus,  under  the  conditions  of  this  exaar^le,  the  display  %K)uld  be 
required  to  produce  18  Ft.  Lamberts  of  symbol  luminance  over  and 
above  the  20  Ft.  Lamberts  of  display  background  luminance  (for  a 
total,  measured  symbol  luminance  of  38  Ft.  L.)  in  order  to 
produce  a  "sufficiently  contxcisty"  displayed  image. 

Carel  also  has  used  the  above  computational  method  for 
determining  the  luminance  steps  necessary  to  produce  distinguish¬ 
able  gray  scale  steps.  In  determining  gray  scale  steps,  assume 
that,  by  virtue  of  the  niimber  of  different  symbols  used  on  a  VSD 
display,  each  symbol  must  be  either  discriminably  brighter  or 
less  luminous  than  any  other  symbol. 

\ 

Bas^  upon  the  computational  example  used  above,  the  symbol 
luminance  was  computed  as  38  Ft.  Lamberts  as  measured  on  the 
display  face.  The  display  background  lumincuice  was  20  Ft.  L. 
Thus,  two  steps  currently  exist  in  the  dynamic  range  of  shades 
of  gray.  Assuming  that  additional  display  elem^ents  must  be 
viewed  against  the  38  Ft.  L.  symbols,  and  remembering  that  a 
constrast  ratio  of  0.90  must  obtain,  then  it  follows  that  the 
next  brightness  step  would  have  to  be  72  Ft.  L.  (i.e.,  38  +  .9  x 
38  =  72)  .  Additioxial  calculations  are  made  in  keeping  with 
established  requirements  for  "X"  number  of  steps  in  the  gray 
scale. 
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Three  iteas  aerit  attention  at  this  point.  First,  Carel 
indicates  that  he  has  found  that  a  2:1  contrast  is  needed  for 
pleasing  and  easily  discriainable  gtay  shades  when  displays  are 
viewed  under  aabient  Igaingnces  of  50  to  3,000  Ft.  Lanberts. 

This  correspc«ds  with  — g —  =  1-  He  does  not  indicate,  however, 
whether  this  range  of  luminances  was  indicative  of  rooa  luminance, 
only  a  portion  of  which  %iould  ctnprise  display  background 
luminance,  or  whether  the  range  reflects  display  background 
luminances .  It  is  felt  that  the  former  Wcis  probably  the  occasion, 
in  %diich  case  eye  "adaptation  mismatch"  might  have  been  the 
significant  contributing  factor. 

Second,  it  must  be  noted  that  the  amount  of  luminance 
required  for  symbol  discriminability  is  a  positive  power  function 
of  the  number  of  steps  required  within  a  gray  scale,  at  least  in 
so  far  as  V5D  or  HUD  type  symbology  and  displays  are  concerned. 

Finally,  there  is  no  contention,  either  on  the  part  of  Carel 
or  the  present  authors,  that  the  computational  procedure  presented 
above  can  be  indiscriminately  applied  directly  to  imagery  types 
of  displays  such  as  photogr^hs  or  side- looking  radar  imagery. 
Nithin  the  purvues  of  this  study,  the  literature  dealing  with 
direct  view  displays  uncovered  no  data  relating  display  contrast 
or  shcides  of  gray  to  probability  of  target  detection  or  recogni¬ 
tion.  No  atteiq>t  is  made  here  to  imply  that  the '.above  computa¬ 
tional  procedure  either  may  or  may  not  apply  to  ooag>lex  imagery 
display  formats. 


RESEARCH  CM  CCMTRAST  RATIOS 


The  procedure  presented  above  for  computing  legibility 
contrast  ratios  make  several  assumptions.  It  assumes  that  the 
type  of  symbology  to  which  the  procedure  is  cq>plied  is  of  little 
practical  consequence.  Experimental  evidence  cited  on  following 
pages  makes  this  assumption  questionable.  Contrast  ratios 
determined  by  computation  are  determined  independent  of  task- 
related  performance  criteria  and  provide  no  assurances  of 
producing  necessary  contrast  for  known  or  estimated  task 
requirements,  including  measures  of  both  speed  and  accuracy  of 
response.  Finally,  the  ooa^utations  are  based  tq>on  data 
obtained  with  the  context  of  basic  psychological  research,  and 
quantitative  applications  of  basic  laboratory  research  to 
applied  problems  are  notoriously  questionable. 

It  is  necessary  to  have  a  good  indication  of  contrast  ratio 
requirements  not  only  for  worst-case,  10,000  Ft.  Lambert  ambient 
illumination  environments,  but  also  for  the  less  demanding 
environmental  illumination  conditions  where  most  of  flying  is 
done.  One  must  ask  what  the  applied  experimental  literature  has 
provided  which  may  be  superior  to  analytic  computational  procedures 
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in  tliis  respect.  The  answer  is  that  little  has  been  provided. 

Early  studies  of  target  or  symbol  contrast  requirements  dealt 
extensively  with  radar  roan  environments  which  are  characterized 
by  extremely  low  ambient  illumination  levels,  at  least  in  relation 
to  those  which  may  be  experienced  during  flight.  Also,  practically 
none  of  the  studies  present  the  type  of  information  necessary  for 
generalizing  to  other  settings.  These  data,  therefore,  are  of 
little  or  no  value. 

Only  within  the  past  six  years  have  generalizable, 
task-oriented  data  have  becooe  available.  This  is  because  of  the 
only  recent  et^hasis  upon  the  development  of  techniques  to  make 
electronically  generated  displays  legible  in  the  cockpit  without 
extensive  physical  shielding  of  the  display  faces.  However,  not 
all  of  the  recent  electronic  display  resecurch  has  produced  the 
type  of  data  necessary  to  allow  for  the  integration  of  findings 
of  various  investigators  in  order  to  identify  trends.  The 
generalizcible  data  which  are  available  are  discussed  below. 

Panel-Mounted  Displays 

Ketchel  (Ref.  203  and  204)  has  reported  a  study  addressing 
the  effects  of  eye  adaptation  upon  symbol-display  contrast  ratio 
requirements  for  cin  operational  electronic  vertical  situation 
display  (Kaiser  Direct  View  Indicator) .  Although  the  studies  do 
not  directly  address  symbol  contrast  requirements  for  easy 
legibility  under  high  cimbient  illumination  levels,  they  do  provide 
data  regarding  the  effects  of  the  use  of  a  belmet*mounted  sun 
visor,  display  clutter,  symbol  size  and  symbol  brightness  and 
contrast  upon  the  time  required  to  locate  and  identify  symbols  < 
of  the  type  cxirrently  used  in  some  electronic  flight  displays. 

In  Ketchel 's  study,  the  electronic  display  was  located  on  a 
"•  panel- in  a  larger -physical  a t rue turer-  A  luminous  surface,  used 
in  adapting  participants  eyes  to  various  levels,  was  located 
above  the  display.  For  the  portion  of  the  study  reported  here, 

24  subjects  participated,  with  three  having  been  assigned  to  each 
of  eight  experimental  groups.  All  participants  had  20/20 
uncorrected  vision  and  normal  color  vision. 

The  Kaiser  Direct  View  Indicator  incorporates  a  P-31  phosphor, 
producing  green  symbology  with  a  spectral  peak  at  520  millimicrons. 
This  is  quite  close  to  the  photopic  vision  peak  of  the  standard 
observer's  eye  (555  millimicrons).  A  micremesh  filter  was  an 
integral  part  of  the  display.  The  display  face  measured  7.25 
inches  by  5.5  inches.  The  light  adapting  screen  located  above 
the  electronic  display  measured  15  by  20  inches. 

Two  symbol  shapes  and  sizes  were  used.  One  symbol  was  an 
inverted  •T'*,  and  the  other  was  a  square.  The  maximtim  dimension 
of  each  symbol  was  23  minutes  of  arc.  Other  symbol  dimensions, 
such  as  stroke  width,  were  not  given. 
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All  conditions  were  run  both  with  participants  wearing  a 
7.8%  transnitivity  visor  and  with  participants  wearing  no 
protective  visor.  Two  conditions  of  "displ^  clutter"  were 
investigated.  Under  that  no-clutter  condition,  only  the  test 
symbols  appeared  on  the  display  face.  For  clutter  conditions, 
clutter  consisted  of  26  symbol  elements,  some  made  of  black  tape 
to  simulate  display  fiducial  marks,  while  others  were  electrcm- 
ically  generated  symbols  of  unspecified  type  and  kind.  The 
clutter  condition  was  used  to  ascertain  the  effects  of  the 
presence  of  other  flight  display-like  symbology  on  location  and 
recognition  times. 

TWO  eye  adapting  luminances  (5,000  and  10,000  Ft.  Lamberts) 
were  explored.  A  secondary  task  was  used  to  ensure  that 
participants  were  fixating  upon  the  adapting  screen  during  the 
eye  adaptation  periods. 

Results  from  Ketchel's  study  are  someidiat  limited  in  their 
application  to  identifying  displ^  legibility  contrast  ratio 
requirements  under  high  ambient  illumination  levels.  This 
follows  since  the  general  display  background  luminance  was  only 
3.2  Ft.  Lamberts  for  the  5,000  Ft.  Lambert  a<^apting  condition, 
and  only  4.3  Ft.  Lamberts  for  the  10,000  Ft.  Lambert  adapting 
condition.  These  levels  of  display  background  luminance  are 
considereUily  below  the  maximum  levels  which  might  be  anticipated 
with  higher  illuminances  directly  incident  <q>on  the  display  face. 
This  is  of  particular  importance  since  it  is  well  established 
(Ref.  32  and  208)  that  legibility  contrast  ratio  requirements 
vary  as  a  function  of  display  background  luminance.  Lower  back¬ 
ground  luminances  require  less  symbol  luminance,  but  higher 
symbol  contrast  ratios  in  order  to  produce  legibility..  Finally, 
only  three  subjects  trere  used  in  each  experimental  group. 

Results  of  Ketchel's  study  are  summarized  in  Figure  200. 

The  latency  times  plotted  in  the  figure  are  the  times  required 
by  study  participants  to  locate  and  identify  the  test  sysA>ols 
on  the  display  and  to  depress  a  response  button,  minus  the  time 
required  to  depress  the  response  button.  Hence,  latency  times 
are  location  and  identification  times. 

Several  trends  in  Figure  200  are  of  interest.  First, 
display  "clutter”  had  statistically  significant  iiq>act  upon 
latency  times  only  for  the  lower  symbol  luminance  conditions. 

The  finding  is  unexpectedly  confusing,  however,  in  that  "clutter” 
produced  both  sose  of  the  shortest  and  the  longest  latencies. 

Of  particular  interest  is  the  fact  that  latency  times  for  all 
conditions  could  be  driven  to  zero  by  adequate  symbol  luminance 
(and  consequently  symbol-display  contrast) .  Finally,  conqilex 
interactive  effects  were  eliminated  %#hen  syabol  luminance  and, 
therefore,  symbol-display  contrasts,  exceeded  minimum  require¬ 
ments  for  legibility.  A  similar  trend  will  be  shown  subsequently 
in  data  by  King  et  al.  (Ref.  208). 
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Figure  200.  Display  Reading  Latency  as  a  Function  of 
Synbol  Lmai nance  and  Display  Clutter. 

(Adapted  froa  Ketchel,  Refs.  203  and  204) 


Ketchel  also  has  reported  data  which  were  derived  by  asking 
study  participants  to  select  what  they  judged  were  comfortable- 
to-use  symbol  luminances.  These  data  are  presented  in  Table  99. 

In  order  to  provide  a  comparison  for  data  in  Table  99,  a  conpu- 
tation  of  percent  contrast  associated  with  the  eight  Ft.  Lambert  ■ 
symbol  brightness,  shown  in  Figure  200  to  minimize  response 
latencies,  results  in  a  contrast  ratio  of  1051  based  upon  the 
lowest  display  background  luminance  of  3.2  Ft.  Lamberts.  Of 
particular  interest  is  the  obse^rvation  that  subjectively 
comfortable  contrast  ratios  are 'consistently  and  sizably  above 
105X,  with  the  greatest  deviations  being  generally  associated 
with  the  10,000  Ft.  Lambert  adaptation  levels  and  with  the  non¬ 
visor  conditions.  This  trend,  however,  is  not  totally  consistent 
across  all  conditions. 

Much  of  the  relevant  display  contrast  ratio  research  which 
has  been  published  has  been  accomplished  within  the  frametfork  of 
designing  electroluminescent  displays  for  legibility  under  high 
eunbient  illumination  conditions. 

Petertyl  et  al.  (Ref.  265)  have  reported  some  limited  data 
generated  in  a  study  of  electroluminescent  (EX)  display  legibility 
requirements.  Unfortunately,  direct  photometric  measurements  of 
EL  emitted  luminance  were  not  made,  nor  were  direct  measurements 
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Table  99.  MiniimiB  Confortable-to-Dse  Luminance 
and  Percent  Contrast  Data* 

(Adapted  fr<»  Ketchel,  Ref.  203) 


Groups  Adapted  to 

10,000  Ft.  LaaJbert  Group  Mean  Values 


Symbol 
Luminance 
in  Ft.  L. 

Display 
Background 
Luminance 
in  Ft.  L. 

Percent 

Contrast 

NV,  0 

15.7 

•  3.6 

336 

V,  0 

21.1 

7.3 

189 

NV,  C 

15.0 

3.5 

328 

V,  C 

15.9 

2.8 

467 

Meem 

16.9 

4.3 

293 

Groups  Adapted  to 
5,000  Ft.  Lambert 

NV,  0 

6.5 

2.7 

511 

V,  0 

^.0 

1.1 

445 

NV,  C 

5-1 

2.0 

155 

V,  C 

23.4 

6.9 

239 

Mean 

10.3 

3.2 

221 

Conditions:  NV  =  No  Visor;  V  =  With  Visor;  D  =  Uncluttered 
Display;  C  =  Cluttered  Display 


484 


of  display  background  luminance.  All  values  were  derived  in  an 
unspecified  manner  from  either  display  excitation  curves  or  from 
measures  of  the  lumiance.  of  a  magnesium  oxide  surface  located  near 
the  displays.  Their  data  imply  that  reflectance  coefficients  of 
the  displays  vatried  over  time.  Accordingly,  caution  must  be 
exercised  in  interpreting  the  data.  The  admonishment  is  further 
warranted  because  they  do  not  indicate  the  human  performance 
criterion  which  was  used  in  determining  acceptable  display 
luminance  and  contrast. 

The  data  in  Table  100  were  adapted  frcaa  Petertyl  et  al. 
and  reflect  only  those  data  collected  with  their  "improved  high- 
contrast  display".  They  report  ttiat  the  display  transmitted 
approximately  30X  of  the  EL-generate  emitted  luminance  and  was 
characterized  by  about  5. OX  diffuse  reflectance  and  about  0.5X 
speculcLT  reflectance.  Subjects*  tasks  apparently  involved 
reading  random  five-digit  numbers  generated  using  seven-segment 
EL  numerics.  Other  dimensions  of  the  display  were  not  given. 

Data  were  collected  under  several  experimental  illumination 
conditions.  The  illumination  environment  consisted  of  a 
simulated  canopy  windscreen  which  could  be  backlighted  to  produce 
an  eye  adaptation  luminance  source  up  to  5,300  Ft.  Lamberts. 
Additionally,  over-the-shoulder  flood  lighting  could  be  applied 
to  produce  measured  luminances  at  the  instrument  panel  up  to 
1,350  Ft.  Lamberts. 

By  far  the  most  ccnnprehensive  legibility  contrast  ratio  data 
have  been  published  by  King,  et  al.  (Ref.  208) .  They  also 
present  contrast  ratio  data  for  "comfortably  bright"  displays. 

The  data  reflect  a  broad  spectrum  of  cockpit  illumination 
conditions,  ranging  from  total  darkness  up  to  10,000  Ft.  Candles 
of  illuminance  directly  incident  upon  the  display  face,  and  include 
conditions  of  lesser  direct  luminance  but  with  5,000  and  10,000 
Ft.  Lambert  general  sky  luminances  simulated. 

The  device  used  by  King  et  al.  consisted  of  a  single-seat 
fighter  cockpit  mockup.  The  instrument  panel  was  located  28 
inches  froiB  the  participants '  eyes  and  incorporated  no  glare 
shield  or  other  light  shielding  or  blocking  devices.  TWo  displays 
were  used.  The  three-digit  numeric  readout  was  made  up  of  three 
matrices  of  seven  EL  segments  each.  Numeric  height  was  0.4 
inches;  width  was  0.28  inches.  Stroke  width  for  each  segment 
was  0.05  inches.  The  bargraph  display  was  made  up  of  125  EL 
segments.  Height  of  the  bargriph  was  5.0  inches;  width  was  0.25 
inches.  Each  segment  of  the  bargraph  had  a  stroke  width  of 
0.035  inches.  Gaps  J»etween  segments  were  0.005  inches.  The  bar- 
graph  was  read  against  a  scale  which  ranged  from  zero  through 
6.25  units  with  graduation  marks  at  each  0.25  units.  Each  scale 
unit  was  the  equivalent  of  five  EL  segments.  Instrument  bezels 
and  the  instrument  panel  were  painted  flat  black. 
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Table  100.  Median  Legibility  Contrast  Ratios  Required  fo 
High  Contrast  Electroluminescent  Alphanumerics  Legibility 
(Adapted  from  Petertyl  et  al.«  Ref.  265) 
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Two  cockpit  illumination  souxces  wexe  used.  To  simulate  . 
direct  sunlight  glcire,  a  Xenon  arc  lamp  shined  over  the  partici¬ 
pant '\s  right  shoulder  onto  the  instrument  pcinel.  This  was 
referred  to  as  the  incident  illumination  source,  and  levels  of 
incident  illumination  were  zero,  500,  5,000  and  10,000  Ft.  Candles 
as  measured  using  a  magnesium  oxide  surface  between  the  two  EL 
displays.  Surround  (general  canopy)  illumination  was  provided 
by  a  bank  of  21  400-watt  Westinghouse  type  BOC  metal  halide  lamps 
mounted  in  individual  reflectors.  Illuminance  from  the  bank  of 
lamps  was  diffused  by  two  layers  of  sandblasted  plastic,  the 
inner  most  of  which  was  the  cockpit  Ccuiopy.  Luminance  levels 
produced  usin^  the  surroiind  illumination  system  were  zero,  500, 
3,200  and  8,600  Ft.  Lamberts  of  canopy  luarinance  as  measured 
from  the  participant's  eye  position.  Table  101  presents  display 
background  luminances  for  each  of  the  experimental  conditions. 

As  the  t%ro  higher  luminances,  legibility  and  comfort-level  contrast 
ratio  data  were  collected  both  with  and  without  a  helmet-mounted 
sun  visor  of  11*  transmitivity . 

Thirty  males,  twenty  of  whcmi  were  DSAP  F-106  pilots,  partic¬ 
ipated  in  the  study.  Fifteen  received  the  incident  illumination 
conditions  and  15  received  the  surround  illumination  conditions. 

The  data  collection  procedure  was  as  follows:  After 
prelimincucy  briefings,  each  participant  was  allowed  approximately 
20  minutes  to  dark  adapt  in  the  cockpit  mockup.  During  this 
time,  reading  the  bargraph  and  the  numeric  readout  were  practiced. 
Following  adaptation,  which  included  periodic  checks  on  adapta¬ 
tion  level,  display  luminance  was  progressively  increased  until 
either  display  could  be  read  conTectly  three  times  in  a  row.  Then 
display  luminance  was  further  increased  until  the  pcirticipant 
reported  that  the  display  was  "comfortably**  bright.  This 
procedure  was  followed  separately  for  the  numeric  readout  and  the 
bargraph.  The  entire  task  procedure  was  then  repeated  in  order 
to  provide  an  experimental  replication.  Photometric  measurements 
were  made  of  display  background  luminance  and  activated  display 
element  luminance  at  each  criterion  point  by  focusing  a  photometer 
on  a  single  EL  segment.  The  tdsk  sequence  was  then  repeated  for 
each  successively  brighter  cockpit  luminance  condition. 

Legibility  threshold  data  are  shown  in  Table  101  for  condi¬ 
tions  in  which  the  helmet-mounted  sun  visor  was  not  used, 
t'igure  201  presents  emitted  symbol  luminance  required  for  99* 
probability  of  correct  display  reading  (mean  plus  three  standard 
deviations) , 

Several  important  trends  are  apparent  in  Figure  201.  First, 
the  sepcurate  curves  for  numeric  readout  and  bargraph  displays  are 
comprised  of  data  from  both  the  incident  and  surround  illumination 
conditions  used  by  King  et  al.  Consequently,  the  data  points  are 
ccanprised  of  conditions  under  which  eye  adaptation  level  did  not 
correlate  perfectly  with  display  background | luminance .  For 
example,  the  higher  display  background  luminances  were  produced 


Table  101.  Electroluminescent  Display  Legibility 
Luminance  Data  for  Bargraph  and  Numeric  Readout  Displays. 
(Adapted  from  King  et  al..  Ref.  208) 


BARGRAPH  NUMERIC 


Incident 

Illuminance 

0 

500 

5,000 

10,000 

500 

5,000 

10,000 

Display 

Background 

Luminance 

0 

11.8 

114.1 

197.0 

0 

10.4 

103. C 

181.2 

Mecin  Symbol 
Luminance 

.006 

1.1 

6.1 

8.7 

.065 

3.7 

21.5 

30.1 

Me^  Plus  3 

St^dard 

Deviations, 

Symbol 

Luminance 

.024 

2.6 

13.0 

17.4 

.104 

8.5 

55.7 

64.9 

Mean  Percent 
Contrast 

9.3 

5.5 

4.4 

36.3 

20.6 

16.5 

Mean  Plus  3 

Standard 

Deviations 

Pet.  Contrast 

21.9 

10.9 

9.5 

- 

86.7 

53.9 

33.0 

BARGRAPH 

NUMERIC 

Surround 

Luminance 

iWi 

518 

3,165 

8,617 

0 

518 

3,165 

8,617 

Display 

Background 

Luminance 

0 

11.8 

57.1 

148.8 

0 

4.0 

21.1 

58.2 

Mean  Symbol 
Luminance 

.005 

0.6 

3.8 

6.7 

.009 

1.6 

6.7 

14.0 

Mean  Plus  3 
Standard 
Deviations , 
Symbol 
Luminance 

.008 

1.5 

8.6 

12.1 

.015 

3.1 

13.9 

29.6 

Mean  Percent 
Contrast 

6.4 

8.1 

5.6 

40.2 

31.9 

24.5 

Mean  Plus  3 
Standard 
Deviations , 
Pet.  Contrast 

20.8 

25.2 

15.5 

78.0 

67.3 

53.0 

Note:  All  Luminance 

Values 

are 

in  Ft.  Lamberts 

• 

Note:  Symbol 

Luminances  are  Emitted  Luminances 

only; 

i.e. , 

Total 

Symbol  Luminance  (emitted  plus  reflected)  minus  Reflected 
Luminance  < 
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Pigura  201.  Emlttad  Symbol  Luminanoa  Raquirad  for  99*  Display  Lagibility. 
(Baaad  upon  data  from  King  at  al.,  Raf.  208) 


by  direct  incident  flooding  of  the  displays,  while  the  higher 
eye  adaptation  levels  occurred  under  conditions  of  higher  general 
canopy  surround  illumination.  It  is  of  considerable  interest  to 
iK>te  that,  in  spite  of  this,  the  data  points  arrange  themselves 
very  nicely  as  a  function  of  display  background  luminance.  This 
indicates  that  the  effects  of  display  background  luminance  level 
are  of  considerably  greater  significance  than  eye  adaptation 
level  in  determining  emitted  symbol  luminance  required  to 
produce  consistent  display  legibility. 

A  comparison  of  the  two  curves  in  Figure  201  also  resulted 
in  the  observation  that  emitted  luminance  required  for  numeric 
readout  legibility  at  selected  display  background  luminance  can 
be  determined  by  identifying  the  emitted  luminance  for  bargraph 
display  legibility  at  that  background  Imri  nance,  and  multiplying 
the  bargraph  luminance  value  by  a  factor  of  3.8.  In  other  words, 
the  curve  for  the  numeric  readout  is  a  Miltiplicative  constant 
function  of  the  curve  for  the  bargraph  display.  The  converse, 
of  course,  also  bolds  true.  The  iEf>ortance  of  this  observation 
is  that  it  implies  that  a  baseline  curve  relating  emitted 
symbol  liii  nance  to  display  background  ItmuLnance  for  one 
particular  display  may  be  generalizable  to  other  display  formats 
if  the  necessary  multiplicative  constants,  are  known.  Thus, 
legibility  requirements  could  be  predicted  frm  a  single  equation 
and  a  table  of  constants  rather  than  from  coaq>lex  sets  of  curves 
eaq>irically  determined  for  each  display  tjj^  and  application. 

Figure  202  presents  the  same  data  expressed  as  percent 
contrast.  Examination  of  the  figure  shows  that  the  relationships 
apparent  in  Figure  201  are  not  nearly  as  apparent.  This  is 
probably  due  to  the  fact  that  display  background  luminance  is 
taken  into  account  twice  in  Figure  202,  once  as  the  abscissa, 
and  again  as  the  denominator  of  the  contrast  ratio  equation.  The 
net  result  is  an  apparent  bias  of  trends  in  the  data. 

Table  102  presents  data  frcm  King  et  al.  for  ambient 
illumination  conditions  in  which  subjects  wore  a  helmet-mounted 
visor  of  IIX  transmitivity.  Examination  of  the  table  shows  that 
use  of  the  visor  had  no  practical  iiqpact  upon  contrast  ratios  or 
emitted  luminances  required  for  99X  bargraph  legibility.  The 
effect  of  the  visor  was  almost  minimal  for  the  numeric  readout 
under  incident  (simulated  direct  over-the-shoulder  sunlight) 
conditions,  but  did  produce  a  noticable  influence  under  the 
surround  (simulated  general  canopy)  conditions.  When  background 
and  symbol  luminances  are  reduced  to  IIX  of  the  tabled  values  to 
take  effects  of  visor  attenuation  into  account,  the  values  do 
not  fall  neatly  onto  the  curves  of  either  Flcgtjee  201  or  202. 

Th*is  it  continues  to  appear  that  the  use  of^sors  interacts  with 
display  type.  Ihe  visor  effects  might  include  changing  eye 
adaptation  level,  changing  color  contrast,  or  surface  reflections 
on  the  visor  itself.  Data  from  King  et  al.  do  not  provide  a  clear 
answer.  However,  since  the  primary  results  of  wearing  a  visor 
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Figure  202.  Percent  Contrast  Required  for  99X  Display  Legibility. 
(Adapted  from  King  tot  al.,  Ref.  208) 


o  ■  o  o  »  n  a  CA  ■  n  d  h  n  se  h 


Table  102.  Mean  Legibility  Percent  Contrasts  for  Bargraph  and 
Nmerxcs  as  a  Fancti.on  of  Hhether  a  Helmet-Moonted  Visor 
was  Horn.  (Adapted  frcai  Kirtg  et  al.,  Hef.  208) 
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are  to  reduce  syabol  and  display  background  luminances  and  eye 
adaptation  level,  and  since  taking  these  factors  into  account 
did  not  eliminate  the  visor  effect,  then  it  is  possible  that 
surface  reflections  on  the  visor  itself  may  have  been  the 
significant  factor.  This  assumption  is  substantiated  by  the 
data  of  King  et  al.  The  effect  of  the  visor  was  most  pronounced 
for  numeric  readouts,  which  were  comprised  of  stroke  segments. 

It  would  seem  that  surface  reflections  would  be  a  greater  problem 
with  segmented  numerics  due  to  possible  Interferences  with  the 
form  perception  task  required  to  read  the  numerics.  Reading  the 
bargraph,  on  the  other  hand,  required  only  the  discrimination  of 
the  "on"  area  frc»  the  "off”  area,  a  considerably  less  complex 
task.  The  validity  of  this  hypot^sis  remains  to  be  established. 

Luminance  data  showing  what  King  et  al.'s  subjects 
considered  to  constitute  "comfortably  bright"  displays  are 
summarized  in  Table  103.  Corresponding  emitted  symbol  luminance 
data  are  shown  in  Figxire  203.  Data  in  the  table  and  figure  are 
for  the  50th  percentile  of  the  ccxnfort- level  judgeiaent  distribu¬ 
tions.  Use  of  the  helmet-mounted  sun  visor  had  no  impact  upon 
the  comfort- level  judgements;  consequently,  these  data  are  not 
shown. 

The  comfort- level  symbol  luminance  data  shown  in  Figure  203 
are  of  particular  interest.  First,  a  comparison  of  Figure  203 
with  Figure  201  shows  that  median  comfort- level  luminances  are 
consistently  greater  than  corresponding  minimum  legibility 
luminances.  In  other  words,  given  a  choice,  pilots  will  increase 
symbol  luminances  above  those  minimally  required  for  legibility. 
Also  of  importance  is  the  fact  that  no  simple  multiplier  can  be 
used  to  increase  legibility  luminances  to  comfort- level  luminances. 
Bargraph  comfort- level  luminances  ranged  from  4.4  to  2.8  times 
corresponding  legibility  luminances,  with  the  smaller  factors 
being  associated  with  higher  display  background  luminances. 
Similarly,  numeric  readout  comfort- level  luminances  vary  from 
2.5  to  1.1  times  corresponding  minimum  legibility  luminances. 

It  also  is  apparent  from  this  conparison  that,  even  though  the 
bargraph  could  be  consistently  read  at  lower  emitted  luminances 
than  the  numerics,  pilots  chose  to  increase  the  luminances  of  the 
betrgraph  by  greater  factors  than  the  numeric.  This  observation 
is  further  apparent  when  one  compares  the  two  curves  shown  in 
Figure  203.  Emitted  luminances  for  the  numerics  ranged  from  2.1 
to  1.5  times  the  corresponding  luminances  for  the  bargraph,  with 
the  smaller  factors  again  being  associated  with  the  higher  dis¬ 
play  background  luminances.  These  observations  are  of  interest 
because  the  sinple  multiplicative  relationships  found  between 
bargraph  and  numerics  emitted  luminances  for  legibility  do  not 
hold  for  comfort- level  lumincuices.  It  is  apparent,  however,  that 
relationships  exist;  they  are  not,  however,  sinple  relationships. 
It  is  again  of  interest  to  note,  however,  that  data  derived  under 
the  incident  and  surround  illumination  conditions  fall  on  a 
smooth  curve  as  a  function  only  of  display  background  luminance. 
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Table  103.  Fiftieth  Percentile  Percent  Contrasts  and  Eaitted 
Luminances  Required  to  Produce  Ccafortably  Bright  EL  Displays. 
(After  King  et  al..  Ref.  208) 

Incident  (Over  the  Shoulder)  Illumination  Conditions 


Illumination  Baurqraph  Numerics 

Level  in 


Ft .  Lamberts 

B 

JC 

E 
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SC 
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0 
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0.08 

0 
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0.12 
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66 
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89 

9.2 
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103.0 
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-- 

0.06 
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— 

0.11 

500 

11.8 

35 

4.1 

4.0 
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6.4 

3,200 

57.1 

52 

29.7 

21.1 

171 

36.1 

8,600 

148.8 

34 

50.6 

58.2 

105 

61.1 

B  =  Display  Background  Luminance  in  Ft.  Lanberts 
%C  =  Percent  Contrast 

E  =  Butted  Symbol  Luminance  in  Ft.  Lamberts 
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Figure  203.  Emitted  Symbol  Luminance  Required  for  EL  Diaplaya 
to  be  Judged  Comfortably  Bright  SOX  of  the  Time. 
(Adapted  from  Ref.  208) 


again  indicating  that  display  backgr^ound  luminance  is  a 
considerably  stronger  variable  than  adaptation  level  in 
determining  symbol  luminance  requirements. 


Finally,  King  et  al.  report  that  the  amount  of  time  required 
to  read  each  display  decreased  as  display  emitted  luminance  was 
increased  to  comfort-levels.  This  has  significant  impact  upon 
minim»im  legibility  contrast  ratios  as  design  criteria,  since 
pilot  reaction  times  to  minimally  contrasty  symbology  may  not  be 
that  which  is  required  in  operational  settings. 

Projected  Displays 

In  examining  the  early  literature  which  might  be  applicable 
to  predicting  symbology  limil nance  requirements  for  head-up  displays, 
Kelley  et  al.  (Ref.  195)  concluded  that  the  only  possibly 
applicable  data  were  those  generated  by  Steinhaurdt  (Ref.  322)  in 
1936.  Steinhardt's  data  indicated  that  the  ratio  of  added 
brightness  to  background  brightness  necessary  to  make  a  square 
of  31  minutes  of  visual  angle  just  perceptible  is  approximately 
4.0%  at  10,000  Ft.  Lamberts.  Kelley  et  al.  point  out,  however, 
that  Steinhardt's  data  deal  only  with  the  absolute  threshold  for 
two  surfaces  of  the  same  color,  and  were  generated  using  a  visual 
discrimination  task  which  %ias  judged  by  Kelley  et  cLL  to  be 
easier  than  the  visual  discrimination~taslc~fequired  with  head-up 
displays . 

Kelley  et  al.  (Ref.  195)  report  a  study  in  which  it  was 
intended  to  determine  symbol  luminances  necessary  for  symbol 
legibility  and  discriminability  of  head-up  displays  (HDD)  under 
conditions  of  high  display  background  luminances.  The  HDD  con¬ 
figurations  consisted  of  20  combinations  of  horizon  line  angle 
and  angle  of  attack  index  location  in  relation  - to  the  horizon 
line.  The  display  configurations  were  selected  to  provide  an 
easy  display  discrimination  (horizon  angle)  and  a  difficult 
discrimination  (location  of  small  angle  of  attack  index) .  Symbol 
dimensions  are  shown  in  Table  104. 

Table  104.  HUD  Display  Symbol  Dimension. 

(from  Kelley  et  al..  Ref.  195) 

Size  Visual  Angle* 

Display  Element  (inches)  (degrees) 


Horizon  Line  Length 
Horizon  Line  Width 
Angle  of  Attack  Length 
Angle  of  AtracK.  Width 


0.018 

0.200 

0.018 


6.75 

0.040 

0.440 

0.040 


♦Viewing  Dist-ince  26  Inches 
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A  slide  projector  arrang»ent  was  used  to  present  symbology 
on  the  HUD  conblning  glass.  A  green  filter  (Corning  C.S.  4064 
unpolished)  made  the  projector  light  output  closely  match  the 
color  of  symbology  which  would  be  produced  on  a  CRT  using  a  P-31 
phosphor.  Data  were  collected  using  four  different  combining 
classes.  Characteristics  of  the  g'lasses  are  shown  in  Table  105. 
^e  trichroic  filter  blocked  light  passage  between  500  and  550 
millimicrons  (green) . 


Table  105. 


Photometric  Data  on  Coobinii^g  Glasses, 


\ 


Ref lectance* 

Transmissions* 

Code 

CoBd>ining  Glass 

450 

670 

450 

670 

Calibration  (Front 
Surface  of  Optical 
Mirror) 

100 

100 

\ 

0 

0 

A 

Plate  (Dnooated 

3/8  Inch) 

29 

24 

85 

79 

T 

Trichroic  Coated 

1/8  Inch 

70 

25 

63 

63 

Partially  Silvered 
Plate  (1/4  Inch) 

31 

31 

66 

60 

W 

Window  Glass  (1/8 
Inch)  Anti- 
Reflectance  Coated 

7 

21 

90 

84 

\ 

\  *  Reflectance  measurement  of  Green  Display  Symbol  Surface; 

\  Transmission  of  Xenon  White  Background 


Ten  participants  in  the  study  looked  through  the  combining 
glass  into  the  10,000  Ft.  Z^ambert  luminous  background.  Symbol 
luminance  was  cidjusted  over  50  trials  per  participant  to  determine 
luminance  required  for  subjects  to  correctly'  identify  the  display 
coi^igur^tion  9  out  of  10  times  (i.e.,  a  90X  threshold).  Sub¬ 
sequently,  subjectively  ccnsfortable  display  brightnesses  were 
determined.  Mot  all  subjects  received  each  combination  of 
expeipimental  conditions.  Finally,  some  combination  of  conditions 
were  '^experienced  by  only  one  or  two  participants .  At  most,  only 
four  different  participants  provided  data  for  any  one  combination 
of  cq>*ditions.  His  data  are  stmniarized  below.  Practically  all 
data  were ,  collected  undcu:  conditions  in  which  participants  did 
net  wear  .$unglasses.  Only  one  subject  wore  sunglasses  under  one 
condition,  and  the  use  of  the  glasses  did  not  appear  to  have  .any 
marked  influence  upon  the  90X  threshold  data.  These  factors  not 
withstanding,  Kelley  et  al.  have  published  the  only  experimental 
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data  directly  dealing  with  HUD  symbol  visibility.  The  data  are  ^ 
summarized  in  Tables  106  and  107. 

i  ’ 

The  data  shown  in  Table  106  for  90J  thresholds  of  identifi-^; 
cation  are  quite  limited,  but  do  appecir  to  show  a  general  I 

superiority  for  the  trichroic  coated  combiner.  They  also  show  the 
influences  of  task  difficulty.  Identifying  angle  of  attack  marker  i 
position  required  increased  ratios  in  relation  to  those  required] 
simply  to  identify  horizon  line  angle.  Of  particular  interest 
cire  the  data  in  Table  107  which  again  show  that,  given  an  option| 
individuals  prefer  to  have  symbols  more  luminous  that  minimally  ; 
required  for  legibility  or  interpretability.  Also  of  interest  Jtte 
the  observation  that  brightness  contrast  recommendations  based 
upon  Steinhardt's  Icdxiratory  data  (Ref.  322}  would  not  have  proved  \ 
sufficient  for  display  application. 


RESEARCH  RECOMMENDATIONS 

j  > 

Electronically-generated  flight  data '  displays  are  becoming 
quite  common  in  advanced  airborne  systems,  and  consequently  there 
is  a  pressing  requirement  for  symbol  contrast  design  information. 

A  review  of  the  available  literature  indicates,  however,  that  j 
there  are  practically  no  design-oriented  contrast  data  available 
fdiich  may  be  used  for  a  variety  of  flight  display  applications 
with  any  degree  of  certainty.  The  more  comprehensive,  parametric 
data  which  exist  (e.g.,  Blackwell's  c'.ata)  were  collected  in  a' 
basic  laboratory  setting.  Recent  research  (e.g..  King  c  a]p 
has  shown  that  factors  such  as  symbol  type  markedly  influence 
legibility  contrast  requirements,  and  existing  parametx .c  data 
simply  do  not  take  this  or  many  other  factors  of  eqifal  significance 
into  account.  Finally,  there  ctre  very  few  data  which  address  the 
problesns  of  head-up  display  luminance  requirements.  Clearly, 
there  is  a  pressing  need  for  legibility  contrast  data  which  are 
design-oriented  in  nature.  The  number  of  design  variables  which 
must  be  considered  in  generating  design-oriented,  generalizable 
contrast  ratio  data  is  quite  large,  with  some  of  the  variables 
having  only  recently  been  identified  as  impacting  upon  contrast 
ratio  requirements.  Variables  and  ranges  of  variables  requiring 
investigation  are  addressed 'below.  It  is  known  that  many  of  the 
variables  interact.  Any  research  addressed  toward  producing 
design-oriented  data  simply  must  take  the  interactions  into 
account.  Single-thread,  single-variable  studies  simply  will  not 
produce  the  needed  data. 

Display  Background  Luminance 

There  is  no  single  legibility  contrast  ratio.  Rather, 
contrast  ratio  requirements  and  therefore  symbol  luminance 
requirements  vary  as  a  function  of  display  background  luminance. . 
Design-oriented  contrast  ratios  for  head-down  display  application 
should  be  established  for  display  background  luminances  ranging 
from  0.1  Ft.  Lamberts  up  to  1,000  Ft.  Lamberts.  For  head-up 
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Table  106.  Ninety  Percent  Threshold  Data  for  Fine 
(Angle  of  Attack)  and  Coarse  (Horizon  Angle)  Tasks. 
(Adapted  frcm  Kelley  et  al..  Ref.  195) 


Mean  Luminances  and  percent  contrasts  necessary  to  result  in 
participant?  correctly  identifying  angle  of  attack  symbol  position 
nine  times  out  of  ten. 


Combiner* 

Code 

Background 
Luminance 
of  Ccmbiner 
(Ft.  L.) 

Symbol 
Luminance 
(Ft.  L.) 

Percent 

Contrast 

A-45* 

8200 

683 

8.3 

A-67 

7200 

582 

8.1 

\^T-45 

6500 

272 

4.2 

T-67 

No  Data 

W-45 

No  Data 

W-67 

No  Data  \ 

- 

Mean  luminances  abid  percent  cohtrasts  necessary 
participants  correctly  identifying  horizon  angle 
out  of  ten. 

to  result  in 
nine  times 

A-45 

8200 

420 

5.1 

A-67 

7200 

437 

6.0 

T-45 

16500 

201 

3.1 

T-67 

No  Data 

W-45 

No  Data 

W-67 

10,000** 

480 

4.8 

*  Refers  to  Combiner  Code  shown  in  Table  105  and  associated 
Mounting  Angle  in  Degrees. 

**  Based  upon  a  12,500  Ft-  Lambert  luminance  in  front  of  the 
CcHnbining  Glass.. 


Table  107.  Sunmary  of  Comfort  Level  Symbol  Contrasts 
Ratio  for  Host  and  Least  Sensitive  Subjects, 
(Adapted  from  Kelley  et  al..  Ref.  195) 


Subject 

Combining 

Class 

Contrast  Rates 
in  Percent 

PHS 

Clecir  • 

21.9 

JK 

Clear 

42.6 

PHS 

Clear  sun 
glasses  %K3rn 

20.0 

JK 

Clear,  sun 
glasses  worn 

25.0 

PHS 

trichroic 

13.8 

JK 

trichroic 

18J6 

display  application,  the  range  of  background  luminances  is  from 
0.1  Ft.  L^unberts  up  to  8,000  Ft.  Lamberts.  For  head-up  appli¬ 
cation,  however,  considerations  of  trichroic  or  other  similar 
display  filtering  must  be  considered.  It  is  reccmmended, 
therefore,  that  the  establishment  of  contrast  ratios  for  head-up 
application  should  involve  magenta  (minus-green)  display  background 
'  color,  and  green  symbology  in  order  to  give  proper  consideration 
to  color  contrast. 

Filter  Types 

Ultimately,  filter  technology  and  further  development  efforts 
must  specify  the'  types  and  characteristics  of  filters  for 
electronic  display  application.  It  would  appeeur,  however,  that 
«  the  effects  upon  display  background  luminance  and  display 
legibility  should  be  established  for  the  following  types  of 
filters:  thin  film  high-^ontrast;  micrdmesh;  wire-mesh;  circulcu: 
polarizing;  and  combinations  of  these.  The  effects  should  be 
established  for  direct  incident  illiunination  conditions  up  to 
10,000  Ft.  Candles.  Additionally,  the  angle  of  the  incident 
illumination  source  should  be  varied  from  90  degrees  to  180 
degrees  relative  to  the  plane  of  the  electronic  display  face  in 
both  vertical  and  horizontal  axes. 

i 

Eye  Adaptation  Levels 

Luminance  levels  to  which  the  pilot's  ‘eyes  may  be  adapted 
can  cover  a  range  of  from  0.1  Ft.  Lamberts  up  to  approximately 
8,000  Ft.  Lamberts .  Effects  upon  display  legibility  are  not 
pronounced  as  long  as  the  adapting  luminance  does  not  exceed 
/eight  to  ten  times  the  general  display  background  luminance. 


AdaptJjig  luminances,  noi.e- the- less,  oust  be  included  in  contrast 
ratio  research,  with  the  selection  of  adapting  luminances  being 
made  in  conjunction  with  display  background  luminance  levels. 

Sun  Visors 


The  effects  of  helmet-mounted  sun  visors  must  be  established 
for  cockpit  and  sky  luosinance  levels  greater  than  approximately 
1,000  Ft.  Lamberts.  The  visors  and  glasses  used  should  conform 
to  Air  Force  specifications  for  color  and  transmitivity .  There 
is  evidence  that  the  use  of  such  devices  does  more  than  simply 
adjust  the  luminance  level  to  which  the  eyes  are  adapted.  Recent 
experimental  evidence  shows  that  the  use  of  helmet-mounted  visors 
interacts  with  symbol  characteristics  to  influence  minimum 
legibility  contrast  ratio  requirements.  Recent  research,  however, 
also  has  shown  that  the  use  of  helmet-mounted  sun  visors  remits 
in  no  stacistically  significant  change  in  contrast  ratios  or 
display  reading  times  when  symbology  is  bright  enough  to  produce 
"comfortably  contrasty"  display  presentations.  Consequently,  as 
display  technology  ijq>roves  to  the  point  where  comfortably  bright 
and  contrasty  symbology  can  be  consistently  obtained,  there  may 
be  no  requirement  to  take  the  use  of  sun  visors  into  effect. 

Until  such  assurance  is  real,  however,  the  effects  of  sun  visors 
and  sun  glasses  must  be  considered  e3q>er imentally . 

Emitter  Characteristics 

The  reflectance  characteristics  of  display  emitters  are 
integrally  involved  in  the  control  of  display  backgroiuid  luminance 
Depending  upon  design  techniqfues  used,  it  is  known  that  display 
phosphors  cind  other  components  may  not  only  reflect  incident 
luminance,  they  also  may  flonrc^ce.  For  CRT  type  displays,  there 
appears  to  be  the  potential  for  decreasing  reflected  luminance 
through  the  use  of  transparent  phosphors  and  light  trapping  tube 
design.  Although  it  is  beyond  the  purvue  of  this  study  to  provide 
detailed  recommendations  for  research  relating  to  emitter  charac¬ 
teristics,  it  is  apparent  that  such  resecurch  and  development  holds 
considerable  promise  in  providing  design  guidance  for  electronic 
flight  displays.  ^ 

Symbol  Type  , 

Electronically-generated  display  symbology  comes  in  a  variety 
of  types  and  kinds.  Because  symbol  type  is  known  to  influence 
contrast  ratio  requirements,  it  is  necessary  to  establish  require¬ 
ments  imposed  by  representative  symbologies.  The  most  simple 
symbology  involve?  a  bifurcation  of  the  total  display,  such  as  is 
found  in  attitude'  indicators  incorporating  a  lighter  above-the- 
horizon  cirea  and  a  darker  below-the-horizon  area.  Beyond  this, 
symbols  came  in  two  fundamental  classes:  outlined  symbols  and 
solid  symbols.  Considering  outlined  symbols  first,  it  is 
recommended  that  co'ntrast  ratio  requirements  be  established  for 
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alphanuaerics,  crosses,  circles  and  tx>xes,  as  well  as  for  siiqple 
line  segments  ranging  in  length  from  .10  to  8  inches.  Within  the 
class  of  solid  symbols,  it  is  reroT  nili'd  that  contrast  ratios  be 
established  for  solid  circles,  solid  squares,  solid  crosses,  and 
solid  rectangles  (i.e.,  bargraphs) .  Additionally,  it  would 
appear  highly  desirable  to  verify  outlined  symbol  contrast 
requirements  by  establishing  contrast  requirements  for  scales 
such  as  those  associated  with  altitude  and  angle  of  attack.  *  • 

\ 

Symbol  Size 

Symbol  size  interacts  with  display  background  luminance  in 
determining  legibility  contrast  ratio  requirements.  For  basic 
outlined  symbols,  such  as  alphanumerics ,  crosses,  etc.,  symbol 
heights  ranging  from  0.13  inches  to  0.75  inches  should  be 
examined.  Stroke  widths  for  such  symbols  typically  should  be 
from  13  to  20  percent  of  the  symbol  height.  Thus,  stroke  width 
dimensions  ranging  from  0.015  inches  to  0.150  inches  should  be 
examined,  with  this  stroke  range  also  ^>plying  to  simple  line 
segments  of  varying  lengths.  For  solid  symbols,  the  same  overall 
symbol  heights  generally  apply,  although  bargraphs  ranging  in 
height  up  to  six  inches  should  be  varied  experimentally.  For 
solid  symbols,  strode  width  would  have  to  be  chosen  in  conjunc¬ 
tion  with  the  particular  symbols  selected  for  experimentation. 

Symbol  Color 

Because  human  visual  perception  is  influenced  by  color 
combinations  as  well  as  brightness  differences,  it  follows  that 
contrast  ratios  derived  using  a  chromatic  symbology  may  not  be 
directly  applicable  to  colored  symbology.  Mo  design-oriented 
data  exist  which  relate  to  contrast  ratio  requirements  as  a 
function  of  symbol-background  color  combinations.  Ihe  following 
colors  have  been  found,  by  various  researchers,  to  be  easily 
distinguishable  on  an  absolute  basis:  Reddish  blue,  greenish 
blue,  bluish  green,  green,  green-yellow,  reddish  yellow,  yellow- 
red,  and  red.  Additionally,  "white*  syabology  must  be  investi¬ 
gated.  It  would  a{^>ear  most  practical  to  establish  design 
contrast  ratios  for  white  symbology  initially,  because  of  the 
prominent  use  and  anticipation  for  use  of  black-and-white  CRT 
presentations  of  flight  information.  However,  .  solid  state 
displays  frequently  incorporate  colored  symbology.  It  is  to  be 
hoped,  at  least,  that  data  could  be  generated  which  would  allow 
the  generalization  of  black-and-idiite  symbology  contrast  require¬ 
ments  to  colored  symbology,  bascid  upon  rules  for  extr^>olating 
brightness  contrast  data  to  color  contrast  design  problems,  ft 
is  felt  that  the  investigation  of  black-and-white  symbology 
should  take  precedence  over  colored  symbology.  This  recommenda¬ 
tion,  however,  must  be  implemented  with  due  cfsisideration  to 
future  display  system  developments,  particularly  with  regard  to 
solid  state  displs^s  and  color  CRT  displays.  -  -  - 


Solid  State  Display  Resolution 

Light  emitting  diodes,  gas  discharge  tubes  and  electro¬ 
luminescent  displays  are  characterized  by  the  fact  that  display 
formats  are  made  up  of  arrays  of  emitters.  The  emitters  may  be 
arranged  in  an  X-Y  natrix,  or  in  the  case  of  alphamimerics  the 
emitters  may  consist  of  line-shaped  segments  arranged  in  any  of 
a  number  of  patterns.  In  either  arrangement,  emitter  size  and 
shape  may  be  varied,  as  may  emitter  placement,  at  least  within 
the  current  limits  of  the  state-of-the-art.  Because  each  emitter 
is  a  separate  elei^ent  and  because  gaps  or  other  types  of  spaces 
occur  between  the  emitters,  solid  state  display  symbology  typically 
is  not  made  up  of  solid,  continuous  lines  or  solid  areas.  Solid 
state  display  technology  is  relatively  new.  Consequently, 
practically  no  human  factors  studies  have  addressed  solid-state 
display  design,  although  those  which  have  have  dealt  primarily 
with  legibility  contrast  ratio  requirements.  The  data  base  is 
far  from  complete  and  does  not  cover  the  continuum  of  emitter 
sizes,  shapes  and  placements  which  may  be  anticipated  in  the 
futiire.  It  is  reccmnended,  therefore,  that  solid-state  display 
resolution  characteristics  be  considered  in  the  developasent  of 
contrast  ratio  design  data.  Bnitter  size  (area)  and  placement 
(spacing  of  emitters  relative  to  other  emitters)  should  receive 
primary  consideration  due  to  the  fact  that  legibility  is  known  to 
be  influenced  by  the  area  of  the  eye's  fovea  which  is  stimulated 
by  symbology.  The  selection  of  emitter  sizes  and  emitter  place¬ 
ment  dimensions  should  be  accomplished  immediately  prior  to  the 
initiation  of  such  research,  however,  in  order  that  the  most 
current  state-of-the-art  technology  and  projections  for  technology 
may  be  incorporated. 

Contrast  Polarity 

Available  experimental  data  indicates  that  it  makes  little 
difference  whether  light  symbols  against  a  dark  background  are 
used,  or  visa  versa.  However,  when  a  difference  is  found,  it 
favors  dark  symbols  against  a  light  background.  Since  this 
finding  favors  the  opposite  of  current  practice  in  electronic 
display  design,  and  since  the  data  which  are  available  do  not 
systematically  address  flight  display  symbology  or  th6  flight 
illumination  environment,  it  would  appear  highly  desir2d>le  to  at 
least  identify  the  effects  of  symbol  contrast  polarity  upon 
symbol  discrimination  and  identification  at  the  higher  display 
background  luminances  which  may  be . anticipate  inf light . 

Variable  Interactions 


Both  recent  and  less  recent  research  findings  strongly  indi¬ 
cate  that  a  number  of  the  variables  discussed!  above  interact  to 
influence  legibility  contrast  requirements.  Based  upon  known 
interactions,  it  is  only  realistic  to  recommend  that  the  following 
variables  be  studied  in  combination  in  order  to  produce  meaningful 
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data;  display  background  luainance,  eye  adaptation  level,  syabol 
size,  syabol  type,  and  sun  visors  and  sun  glasses.  Considering 
the  ranges  of  each  variable  which  are  of  design  interest,  it  is 
apparent  that  producing  design-oriented  contrast  ratio  data  will 
be  no  soall  undertaking.  Yet,  the  data  are  critically  needed, 
not  only  to  provide  inputs  to  the  display  designer,  but  also  to 
preclude  the  necessity  for  inefficient  and  frequently  non- 
generalizable  special  purpose  ezperiaents. 

Erperiaental  Tasks 

To  provide  the  aaxiaua  generality,  contrast  ratio  data  which 
are  generated  should  eiq>hasize  basic  visual-perceptual  tasks.  It 
is  not  often  that  display  design  data  can  be  Meaningfully  established 
out  of  system  dynamics  and  operator  task  contexts.  It  is  only  a 
reasonable  assumption,  however,  that  regardless  of  the  task- 
related  use  to  tdiich  various  types  of  symbology  may  be  pot,  the 
symbology  must  be  clearly  visible.  Consequently,  experimental 
tasks  to  be  enployed  in  generating  design-orient^  contrast  ratio 
data  should  emphasize  visual -perceptual  tasks.  The  following 
tasks  are  recammended,  therefore,  for  use  in  experimental  studies 
involving  the  generation  of  design-oriented  contrast  ratio  data: 

-  Symbol  discrimination,  including  the  absolute  identi¬ 
fication  of  symbol  shape  and  alphanumeric  legibility. 

It  would  also  be  desirable  to  include  siaqsle  line 
segments  of  appropriate  dimensions. 

-  Scale  reading,  with  eaphasis  on  vertical  and  horizontal 

linear  scales.  ^ 

-  Locating  symbology  >  on  display  faces  which  incorporate 
multiple  symbols. 

-  Identifying  and  responding  to  attention-getting 
symbology,  such  as  flashing  indicators  or  special 
purpose  cinnunciators . 

/ 

-  Secondary  tasks  also  should  be  included  in  order  to 
introduce  time-sharing  and  attention-sharing  require¬ 
ments,  thus  precluding  the  possibility  that  contrast 
ratio  data  are  biased  toward  overly  simplified  task 
ton texts . 

-  Continuous  control  tasks  also  should  be  considered, 
if  only  to  verify  the  generality  of  data  generated 
using  more  basic  visual  tasks. 

Performance  Measurenent 


Academic- type  performance  criteria  such  as  the  50%  threshold 
of  visibility  have  no  value  in  display  design.  Rather,  contrast 
ratios  for  display  legibility  require,  at  an  absolnlte  minimimi. 
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that  virtually  lOOX  of  the  pilot  population  will  at  least  be 
able  to  identify  the  presence  and  type  of  symbology  presented. 

To  assure  either  minirnim  or  above  minimum  contrast  ratios,  the 
following  display  and  human  performance  measurements  must  be  made: 
display  background  luminance,  symbol  luminance,  symbol  color, 
display  reading  time  or  response  time,  and  probability  of  correctly 
identifying  or  reading  display  symbology.  Several  combinations 
of  these  measures  are  discussed  below. 

At  a  minimum,  contrast  ratios  required  for  virtually  lOOS 
correct  symbol  identification  by  virtually  lOOX  of  the  user 
population  are  needed.  Thus,  at  a  minimum,  mean  contrast  ratios 
plus  three  standard  deviations  are  required  for  performance  which 
demands  several  consecutive  correct  identifications  of  symbology. 
Beyond  this,  contrast  ratios  needed  for  correct  performance  with 
minimum  reading  or  response  time  are  needed.  Indeed,  this  latter 
criterion  makes  the  greatest  amount  of  sense  for  cockpit  display 
applications.  Finally,  given  a  brightness  or  contrast  control 
knob,  it  is  known  that  pilots  will  increase  emitted  luminance 
levels  above  those  needed  for  minimum  legibility.  Since  displays 
must  be  not  only  minimally  usable,  but  also  acceptable  to  the 
user,  it  follows  that  pilot  preference  must  be  taken  into  account, 
and  "coatfortably  bright**  display  contrast  ratio  requirements 
established.  Pilot  preferences  also  should  ^  Recorded  in 
conjunction  with  other  vauriables  such  as  symtel  size  in  order  tiiat 
the  most  preferred  out  of  equally  acceptable  values  may  be 
identified  for  other  related  display  variables. 
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SECnCN  XI 


ENVIRONMENTAL  VARIABLES 

INTRODOCTIOM 


This  section  separately  addresses  the  topics  of  aaibient 
illumination,  vibration  and  acceleraticm  as  enviromaental 
variables  impacting  upon  electronic  flight  display  system  design 
and  evaluation.  Electronic  flight  display  research  has  primari¬ 
ly  been  conducted  under  static,  one  g,  moderately  illuminated 
conditions.  At  the  present  time  there  is  no  known  way  to 
extrapolate  these  findings  to  the  dynamic,  varioosly  lighted 
real-time  environment.  The  following  section  presents  the 
limited  operationally  acceptable  data  which  are  available. 
Research  recommendations  for  each  of  the  three  topic  areas  are 
addressed  at  the  conclusion  of  the  section. 


AMBIENT  ILLOajmiATIOM 


Before  prbceeding,  it  is  necessary  to  distinguish  between 
measures  of  illuminance  and  luminance.  The  concept  of  illumi¬ 
nance  (illumination  intensity)  involves  the  idea  of  interception 
of  light  flux  by  a  surface.  Illuminance,  therefore,  is  measured 
in  terms  of  the  density  of  flux  incident  upon  a  surface.  A 
commonly  accepted  measurement  is  lumens  per  square  foot  or  the 
Ft.  Candle.  Luminance  refers  to  the  amount  of  luminous  flux 
proceeding  to  the  eye  from  a  unit  area  of  surface.  Light 
reflected  from  or  generated  by  a  display  may  be  specified  in 
Ft.  Lamberts,  which  is  a  measure  of  surface  luminance. 

A  number  of  reports  were  reviewed  in  an  attempt  to  identify 
the  levels  of  i;).luminance  and  sky  luminance  which  may  be  experi¬ 
enced  by  pilots  during  the  course  of  performing  operational 
missions.  Results  of  the  review  are  shown  in  Table  108,  which 
presents  ranges  of  illuminance  valbes  obtained  by  the  several 
investigations.  It  can  be  noted  from  the  table  that  different 
mecisurements  produce  different  illuminance  values  for  apparently 
similar  situations.  This  is  not  surprising,  psurticularly  when 
one  considers  the  difficulty  in  specifying  a  "standard”  day. 
Additionally^,  it  is  argued  by  many  that  photometry  is  as  much 
a  black  cirt  as  it  is  a  science,  principally  because  of  the 
cautions  which  must  be  exercised  in  calibrating  sensitive  photo¬ 
metric  measurement  devices. 


of  particular  iaportance  in  Table  108  are  the  aeasureiiient 
estimates  of  direct  sun  illuminance,  clear  sky  illuminance,  and 
cloud  luminance,  because  these  measures  provide  data  which  may 
be  used  in  estimating  the  maximum  illuminance  which  may  be 
incident  upon  the  electronic  display  surface  and  the  values  to 
%#hich  the  pilot's  eyes  may  be  adapted. 

Additionally,  Figure  204  is  presented  in  order  to  provide 
data  showing  the  relationship  between  solar  altitudes  and 
illumincuice  and  luminance  values  which  may  be  anticipated  during 
flight.  (Note,  one  millilambeirt  is  equal  to  .929  Ft.  Lamberts.) 

A  review  of  the  sun  illuminance  data  shown  ,  in  Table  108 
indicates  that  an  approximate  average  illuminance  value  for 
direct  sunlight  would  be  on  the  order  of  11,000  Ft.  Candles. 
Similarly,  an  approximate  average  luminance  for  a  clear  sky 
%iould  be  2,000  Ft.  Lamberts.  Finally,  a  representative  value 
for  the  luminance  of  "average”  cloud  cover  would  be  approximately 
7,000  Ft.  Lamberts,  although  luminance  of  upper  surfaces  of 
clouds  at  midday  could  be  expected  to  significantly  exceed  this 
value.  Although  these  figures  are  admittedly  approximate  and 
based  i^x>n  very  loose  definitions  of  representative  atmospheric 
and  meteorological  conditions,  they  have  been  used  in  other 
report  sections  as  representative  con^utational  values.  The  need 
for  comprehensive  and  systematic  measurement  of  representative 
atmospheric  illuminance  and  luminance  values  is  quite  apparent. 


Table  108.  Suamiary  of  Selected  Measurements  of 
Natural  Illumination  in  Earth's  Atmosphere. 


Source 


Illuminance  of  Sun  in  Earth  Atmosphere 
Value  Comments 


Ketchel  fc  Jenney 
(Ref.  206) 

Luxenberg  &  Bonnes 
(Ref.  225} 

Duntley  et  al. 
(Ref.  110) 


10,000  Ft.  C. 

9,000  Ft.  C. 
10,000  Ft.  C. 


Luxenberg 
(Ref.  224) 

Ketchel 
(Ref.  203) 


9,000  Ft.  L 

9,000  — 
12,000  Ft.  L 

14,300  Ft.  L 


■Accepted  Nona.  ” 


Measurement  made  at  sea 
level  with  sun  at  zenith. 
Time  of  year  not  specified. 

White  paper  in  direct  •» 
sunlight. 

(Range  of  values  cited 
by  Ketchel  from  review 
of  such  data.) 

Maximum  luminance 
reflected  from  a  white 
surface  at  noon. 
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Table  108 


Continued 


lllnnlnation  of 

Sun  in 

Earth  Atnosphere  (Continued) 

Source 

Value 

Coonents 

Christensen 
(Bef.  65) 

14,300 

rt.  C.  ■ 

Measured  in  Plexiglass 
nose  section  of  a  B-17G 
aircraft  at  50,000  feet. 

Webb  (Bef.  344) 

14,700 

Ft.  C. 

Sun  at  zenith. 

Average  Sky  on  Clear  Day 

Christensen 
(Bef.  65) 

'  3,000 

Ft.  L. 

Brightness  extreae  for 
horizon. 

1,250 

Ft.  L. 

Brightness  30°  above 
horizon. 

600 

Ft.  L. 

Brightness  60°  above 
horizon. 

Loxenberg  (Bef. 

224) 

2,000 

Ft.  L. 

Clear  slcy. 

Webb  Associates 
(Bef.  343) 

1,860 

Ft.  L. 

Average  sky  on  clear 
day. 

Ketchel 
(Bef.  203) 

1,430 

7,150 

to 

Ft.  L. 

Measured  range  of  clear 
sky  luainances,  1,000  to 
15,000  feet  of  altitude, 
10:00  -  12:00  hrs.,  Feb., 
Palo  Alto,  Calif. 

Ketchel 
(Bef.  203) 

2,900 

Ft.  L. 

Bepre^ntative  luni  nance 
of  clear  sky,  frcm  nea- 
sureaents  cited  above. 

Cloud  Brightnesses 

Webb  Associates 
(Ref.  343) 

82,000 

Ft.  L. 

Dpper  surface  of  clouds 
at  nocxi. 

Webb 

(Bef.  344) 

8,200 

Ft.  L. 

Average  cloud  cover  at 
noon. 

Christensen 
(Bef.  65) 

6,200 

Ft.  L. 

Scattered  altocnanlus 
clouds  at  15,000  feet, 
aeasured  in  early  after¬ 
noon  during  Oct.  in  Ohio. 

Webb 

(Bef.  344) 

1,100 

Ft.  L. 

Average  stora  cloud  cover 
at  noon. 

\ 
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Figure  204.  Range  of  Natural  Illumination  on  Earth 
from  the  Sun  and  Moon.  (Adapted  from  Ref.  343) 
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VIBRATION 


Introduction 


Exposure  to  low  frequency,  high  cunplitude  vibrations 
characteristic  of  high  performance  aerodynamic,  space  and  surface 
vehicles  becomes  an  extremely  important  problem  in  terms  of  a 
crewmember's  ability  to  perform  successfully  the  tasks  essential 
to  the  completion  of  the  vehicle's  mission  (Ref.  78).  Low 
frequency  vibrations  (generally  below  70  Hertz)  can  be 
sinusoidal,  cooqjlex,  but  systematic  (consisting  of  two  or  more 
sine  waves  in  combination)  ,  or  they  may  be  random  (Ref.  230)  . 

Most  of  the  vibration  research  conducted  to-date  has  been  of  the 
sinusoidal  type  and  c<m  therefore  readily  be  classified  in  terms 
of  frequency  and  intensity.  For  a  fixed  frequency  the  following 
are  successive  derivatives  of  as^litude  with  respect  to  time: 


Intensity  Measurement  Formula 


Displacement  ABq>litude  (Xm) 

Maximum  Velocity  (Vtai) 
Maximum  Acceleration  (Am) 
Maximum  Jerk  Amplitude  (Jm) 


Displacement  from  static 
position  in  inches 

2vf^  in.  per  sec. 
4ii^f*Xm  in.  per  sec.^ 
8**f*Xm  in.  per  sec.* 


Maximum  acceleration  is  frequently  used  as  a  measure  of 
vibration  intensity  or  magnitude  and  is  typically  expressed  in 
terms  of  gravitational  units  (g) .  The  frequency  is  expressed  as 
the  number  of  cycles  per  second  (Hertz)  that  the  maximum 
acceleration  occurs. 

It  would  be  extremely  useful  to  have  the  vibration  environ¬ 
ment  adequately  defined  for  both  fixed  cind  rotary  wing  aircreift 
during  functional  mission  segments.  A  review  of  the  literature 
has  produced  some  detailed  vibration  information  for  helicopters. 

/  I 

In  a  report  by  Ketchel,  Danaher  and  Morrissey  (Ref.  205) , 
the  vibration  chciracteristics  of  contemporary  military  heli¬ 
copters  are  described.  Inclifded  in  this  report  is  a  breakdown  of 
MIL-H-8501A  which  specifies  the  military-imposed  limitations  on 
helicopter  vibration.  MIL-H-8501A  contains  the  following: 

"For  steady  state  speeds  within  the  helicopter  design 
flight  envelope  and  in  slow  eind  rapid  transition  from 
one  speed  to  another  cuid  during  transitions  from  one 
steady  acceleration  to  cinother,  vibration  accelera¬ 
tion  at  all  controls  shall  not  exceed  0.4  g  for 
frequencies  up  to  32  cps  euid  a  double  amplitude  of 
0.008  inch  for  frequencies  cibove  32  cps." 


Ibis  porbion  of  the  Ifllr-H-8501A  specification  covers  the  worst- 
case  vibration  conditicHis  permitted  in  military  helicopters,  and 
provides  baseline  values  which  may  serve  as  representative 
figures  to  compare  with  both  operational  and  research  levels  of 
vibration  established  for  helicopters. 

Schuett  (]^f .  292)  reports  that  the  helicopter  vibration 
frequency  spectrum  rcuoges  from  about  3  to  110  Hertz.  Ketcbel 
et  al.  (Kef.  205)  report  that  adverse  effects  occur  in  visual 
performance  when  vibration  falls  within  the  dominant  main  rotor 
frequency  range  of  10  to  30  Hertz.  These  authors  also  report 
that  the  degradation  in  performance  tends  to  be  more  pronounced 
when  additional  complexities  such  as  task  difficulty,  g- level, 
ambient  lighting,  insufficient  contrasty  and  workload  are  added. 

I 

Operational  helicx^ter  vibration  data  have  been  reported  by 
Ketchel  et  al.  (Ref.  205)  from  data  derived  by  Seris  and  hnffret 
(Ref.  298)  in  a  report  on  vibration  for  the  Super  Frelon  6-bladed 
turbine-powered  helicopter.  Pe.ak  accelerations  ranging  from  0.3 
to  0.5  g  are  reported  for  all  three  axes  at  the  main  rotor 
dominant  frequency  of  20.2  Hertz.  Accelerations  incurred  above 
15  Hertz  are  reportedly  well  dampened  by  the  seat  and  the 
pilot's  body,  which  led  these  authors  to  advise  that  the  low 
frequencies  from  3  to  7  Hertz  result  in  maximum  discomfort  and 
are  most  difficult  to  dampen. 

A  review  of  the  literature  has  not  revealed  any  technically 
acceptable  or  operationally  useful  documents  defining  vibration 
for  representative  fixed  wing  jet  aircraft.  Getline  (Ref.  136) 
published  environmental  vibration  figures  for  the  F-106A  daring 
various  flight  profiles,  but  both  hard-copy  and  microfiche  copy 
of  this  report  are  unreadable. 

The  objective  of  this  section  will  be  to  present  design- 
oriented  research  data  dealing  with  the  effects  of  various 
conditions  of  vibration  on  the  legibility  of  primarily  visual 
perceptual  tasks  such  as  reading  or  dial  reading.  The  basic 
psychophysical  data  relating  visual  acuity  to  vibration  will  be 
mentioned  only  briefly,  as  there  is  no  known  way  to  quantita¬ 
tively  extrapolate  these  results  into  display  design-oriented 
legibility  data.  Also,  the  motor  performance-vibration  litera¬ 
ture  has  been  omitted  since  it  is  not  of  direct  relevance  to  a 
primarily  visual  readout  t^h. 


Visual  Acui1 


A  flight  display  is  a  composite  of  elements  “hose  individual 
legibilities  may  be  affected  differentially  by  vioration. 

Numbers,  letters,  symbols,  lines,  etc.  are  examples  of  these 
elements,  and  ideally  the  degradation  in  legibility  for  each  of 
these  should  be  specified  for  a  range  of  vibration  ccmditions 
appropriate  to  the  aircraft  flight  conditicms  being  considered. 
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In  actuality,  however,  vibration  research  relating  to  visual 
perceptual  tasks  has  been  conducted  prioarily  on  basic  visual 
pararketers  such  as  visual  acuity.  The  following  section  briefly 
relates  some  vibration  versus  visual  acuity  findings. 

In  the  absence  of  vibration  and  under  ideal  illumination  and 
contrast  conditions,  the  ahserver  can  xresolve  targets  subtending 
visual  angles  of  one  minute  of  eurc  or  less.  The  introduction  of 
vibration  will  degrade  this  performance;  the  extent  of  the 
degradation  is  dependent  upon  the  nature  and  intensity  of  the 
vibration.  The  degradation  will  take  the  form  of  di optic  as  well 
as  cerebral-intellectual  disturbances.  The  transmission  of 
vibration  to  the  eyeball  of  the  observer  will  tend  to  produce  a 
shift  of  the  image  on  the  retina  induced  by  ocular  movement  and 
temporary  ocular  deformation*.  The  cerebral-intellectual  impair- 
ment  may  result  from  the  withdrawal  of  fdie  obsesrver’s  attention 
from  his  task  due  to  the  physiological  and  psychological  stress 
introduced  by  the  vibration. 

Whole  body  vibration  gives  rise  to  complex  oscillations  of 
•the  head,  producing  labyrinthine  stimulation  which,  in  turn, 
gives  rise  to  involuntary  eye  movement  in  spite  of  attempts  to 
fixate.  This  displacement  of  the  line  of  sight  is  not  diie 
completely  to  angular  acceleration,  but  occurs  also  in  the 
presence  of  linear  acceleration  acting  upon  the  labyrinth  (Ref. 
393).  Mercier  (Ref.  236)  suggests  that  head  movement  relative 
to  the  aircraft  during  acceleration  (i.e.,  movement  of  head 
necessary  to  fixate  on  moving  target)  gives  rise  to  blurred 
retinal  ijoages  and  consequently  impaired  visual  acuity.  At 
frequencies  between  1.0  and  2.5  cycles  per  second,  visual  per¬ 
formance  in  display  reading  is  gradually  reduced  as  the  amplitude 
of  the  following  eye  movements  rapidly  fall  off  with  increasing 
frequencies  (Ref.  107).  At  3.0  to  4.0  Hertz,  the  head  and 
shoulders  resonate,  resulting  in  a  more  marked  reduction  of 
visual  acuity. 

Lange  cind  Coermann  (Ref.  395)  conducted  a  study  to  examine 
the  effects  of  vertical  sinusoidal  vibration  on  the  visual  acuity 
of  twelve  stibjects  seated  in  an  aircraft-type  seat  on  a  vibrating 
table.  The  frequencies  investigated  ranged  from  1.0  to  20  cycles 
per  second  (Hertz) .  Illumination  conditions  were  not  specified 
(reported  to  be  ’optimal*).  A  projection  system  displayed  the 
targets  on  a  screen  35  feet  in  front  of  the  observer.  The 
tcirgets  were  0.188  inch  wide  with  a  minimum  visible  separation 
between  the  targets  of  0.125  inch. 

The  results  of  the  study  indicate  that  at  1,  2,  and  4  Hertz, 
the  mean  decrement  during  vibration  was  found  to  be  negative, 
indicating  some  improvement  of  visual  acuity  at  those  frequencies 
(Figure  205  and  Tcible  109).  The  first  substantial  peak  of 
decrement  of  visual  acuity  occurred  at  5  Hertz,  where  all  but  two 
of  the  subjects  showed  loss  of  acuity  (with  a  very  small  standard 
deviation  in  their  scores).  Between  8  and  10  Hertz  there  was  an 
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iX'cromont  of  Visual  Acuity  Ont»  Minuto  Aftor  CoH.satlon  ol’  Vibration. 


car.r.ct;  he  analyzed  by  t_he  brain,  aind  that  the  images  beccx^e 
clnrred. 

In  tvo  studies  by  Ix>eb  (Hef.  218),  reported  in  Itennis  (Pef. 
1C5) ,  frequencies  of  15,  20,  25  and  35  Hertz  were  examined. 

Lneb  suggests  that  'damping'  between  the  vibrating  table  and  the 
head  {at  20  Hertz)  is  at  least  60%,  and  this  corresponds  fairly 
closely  with  the  results  found  by  Dennis  (Ref.  105)  which 
indicate  a  damping  effect  of  aibcut  67%  at  15  Hertz.  A  sussnary 
of  Loeb's  findings  concerning  acuity  degradation  is  presented  in 
Table  110.  Unfortunately,  tnese  data  cannot  be  combined  due  to 
vary’ing  viewing  conditions  and  experinental  design.  A  definite 
trend,  however,  can  be  discerned  in  the  tables.  Increasing  the 
frequency  of  vibration  above  15  Hertz,  for  example,  appears  to 
reduce  the  percentage  of  acuity  degradation. 


Table  110.  Results  from  Loeb  Showing  %  of  Acuity 
Decreiaent  per  Estiisated  Head  >iovement. 

(Data  froa  Loeb,  Ref.  218,  Reported  in  Dennis,  Ref.  105) 


Vicrat-icn 

Condition 

Estimated  Head 
Amm 1 i tude 
‘(In.) 

%  Acuity 
Decrement 

%  Acuity  Decre¬ 
ment  per  1/1000" 
Head  Jtoverent 

Frequency 

:c?s) 

Ammlitude 

‘(In.) 

15 

0.012 

0.005 

28 

2.8 

15 

0.02 

0.008 

33 

2.1 

20 

0.006 

0.002 

10 

2.5 

20 

0.017 

0.005 

30 

3.0 

25 

0.006 

0.0012 

15 

6.3 

25 

0.010 

0.CC2O 

16 

4.0 

35 

0.0055 

0.0006 

14 

11.7 

35 

0.0095 

0.0010 

19 

9.5 

Dennis  (Ref.  105)  conducted  an  experioent  to  examine  the 
degradation  effect  on  visual  perforaance  resulting  from  the 
introduction  of  vcirious  intensities  and  amplitudes  of  vibration- 
Twelve  subjects  viewed  printed  nuxabers  at  a  distance  of  10'  11" 
(numbers  subtended  5  minutes  of  arc)  against  a  background 
reflective  luminance  of  0.1  Ft.  Lamberts.  Under  these  conditions, 
the  subjects  made  about  15%  error  in  the  non-vibrating  condition. 
The  vibration  aiiplitudes  and  frequencies  are  surziarized  in 
Table  111. 

The  results  froa  this  study  indicate  that  visual  performance 
was  significantly  affected  at  all  frequencies  when  the  motion  of 
the  vibrating  table  approximated  ±0.5g  (heavy  vibration)  and  at 
all  but  one  condition  (19  Hertz)  when  the  ^parent  novejaent 
approximated  ±0.25g  (light  vibration).  Heavy  vibration  had  a 
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Table  111.  Amplitude  and  Frequencies  of  Vibration 
in  Study  by  Dennis,  (Ref.  105). 


Amplitude  Frequency  to  !Iearest  Cycle  per  Second 

(Inches)  'Light*  Vibration  (±%g)  'Heavy*  Vibration  (ihg) 


0.1 

5 

(AL) 

7 

(AH) 

0.05 

7 

(BL) 

10 

0.025 

10 

(CL) 

14 

(CH) 

0.012 

14 

(DL) 

20 

(19) 

(DH) 

0.006 

20 

(19) 

(EL) 

28 

(27) 

(EH) 

0.003 

28 

(27) 

(FL) 

40 

(37) 

(FH) 

where ; 

A 

2E 

0.1 

in. 

amplitude 

B 

= 

0.05 

in. 

amplitude 

C 

= 

0.025 

in. 

amplitude 

D 

= 

0.012 

in. 

cunplitude 

E 

= 

0.006 

in. 

amplitude 

F 

0.003 

in. 

aflg>litude 

L  =  'Light*  Vibration 
H  =  'Heavy*  Vibration 


significantly  different  effect  on  performance  than  did  light 
vibration.  Generally,  light  vibration  increased  error  rates 
over  noo-vibration  condition  by  about  22%,  while  heavy  vibration 
further  increased  this  figure  to  55%  (Table  112  and  Figure  206) . 
These  results  are  in  substantial  agreement  with  the  findings  in 
a  similar  study  by  Coermann  (Ref.  77) . 


Summary 

The  presence  of  vibration  in  a  visual  display  situation 
adversely  affects  visual  acuity.  The  extent  of  the  visual 
degradation  is  a  function  of: 

-  frequency  of  the  vibration 

-  amplitude  of  the  vibration 

With  frequencies  of  vibration  up  to  approximately  4  Hertz, 
slight  visual  degradation  is  observed.  The  first  significant 
degradation  occurs  at  5  Hertz  (from  10%  to  20%  degradation, 
depending  upon  aaplitude)  .  At  frequencies  between  8  and  10 
Hertz,  the  result  is  20%-plus  loss  of  acuity.  From  9  to  16 
Hertz,  approximately  50%-plus  degradation  and  symbol  blurring 
occurs.  Vibration  amplitudes  of  ±0.5g  will  increaise  visual 
degradation  at  all  frequencies. 
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Table  112.  Perfonaance  Degradation  as  a  Function  of 
Vibration  Anplitude  and  Frequency. 

(Fron  Dennis,  Ref.  1C5) 


Vibration 
^  Hertz 

Condition 

Table 
Asplitude 
(in. ) 

Head 

A^litude 
(in. ) 

%  Error 
Increase 

%  Error  In¬ 
crease  per 
1/1,000" 

Head  Amplitude 

*AL 

5 

0.1 

0.1 

44 

C.44 

AH 

7 

0.1 

0.049 

77 

1.6C 

■ 

7 

0.05 

0.032 

13 

‘  BH 

10 

0.05 

0.022 

46 

2.1 

CL 

10 

0.025 

0.012 

18 

1.5 

CH 

14 

0.025 

0.011 

92 

8.4 

DL 

14 

0.012 

0.005 

34 

6.8 

DH 

19 

0.012 

0.004 

42 

10.5 

EL 

19 

0.006 

0.002 

-1 

EH 

27 

0.006 

0.0012 

2d 

23.3 

FL 

27 

0.003 

0.0007 

23 

32.9 

FH 

37 

0.003 

0.0003 

49 

163.3 

*A  =  0.1 

in. 

Amplitude 

B  =  0.5 

in. 

Amplitude 

C  =  0.025 

in. 

Amplitude 

D  =  0.012 

in. 

Amplitude 

E  =  0.006 

in. 

Amplitude 

F  =  0.003 

in. 

Ao^litude 

L  =  "Light"  Vibration 
H  =  "Heavy"  Vibration 
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Frequency'  in  Cycles  per  Second  (Hertz) 


Figure  206.  Percentage  Increase  in  Error  (per  1/1,000  Inch 
Angjlitude)  as  a  Function  of  Frequency  of  Vibration. 
(After  Dennis,  Ref.  105) 


Dial  Reading 

Taufa  (Ref.  327)  perfomed  a  series  of  studies  to  determine 
the  vibration  effects  upon  accuracy  of  reading  performance  for 
dial  displays  which  represent  a  range  of  diffic^llty  for  the  dial 
reading  task.  Dials  consisted  of  photographs  of  circular  dials 
with  white  mar)cers  and  numerals  against  a  black  background.  In 
the  first  study  of  this  series,  two  types  of  dials  were  investi¬ 
gated  (Figure  207)  ,  (1)  the  “easy"  reading  dial  with  a  scale 
range  of  0  to  50  with  minor  markers  at  units  of  5  and  major 
maurkers  with  numbers  at  units  of  10;  and  (2)  the  "difficult" 
reading  dial  with  a  scale  range  of  0  to  400  with  minor  markers 
at  units  of  5,  intermediate  markers  at  units  of  10,  and  major 
markers  with  numbers  at  units  of  40.  At  a  viewing  distance  of 
28  inches,  the  "easy"  dial  major  markers  subtended  a  visual 
angle  of  108.04  minutes  of  arc  and  the  minor  markers  21.61  r.inutes 
of  arc.  The  difficult  dial  subtended  13.49  minutes  of  arc  for 
the  major  markers  and  2.71  minutes  for  the  minor  markers. 

The  dials  were  mounted  on  a  shaketable  with  the  seat, 
which  resulted  in  both  the  target  and  observer  being  vibrated 
simultaneously.  ?Iine  s’ubjects  viewed  the  dials  at  a  dial 
luminance  of  26.80  millilamberts  and  a  background  luminance  of 
2.63  millilamberts.  Vibration  consisted  of  a  whole-body  x  axis. 
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The  results  for  the  400  range  dial  were  presented  two  ways. 
Firs:,  each  of  the  error  scores  was  converted  into  a  percentage 
and  presented  as  total  errors;  second,  gross  errors  were 
established  as  readings  rounded-off  to  the  nearest  r^rJter  whic.n 
were  in  error  by  three  or  more  units.  These,  in  turn,  were 
converted  into  percentages.  Results  for  tha^^O  range  dial  »ere 
presented  as  total  errors  only.  Figure  20  8  '^tesents  the  nea.n 
dial  reading  errors  for  the  vibration  conditions  tested  and  the 
mean  error  scores  for  the  static  (no  vibration)  control  condi¬ 
tion.  Both  the  50  and  400  range  dials  had  previously  been 
tested  in  a  static  condition  by  Kappauf  and  Smith  (Ref.  193) , 
who  had  established  a  5.4  percent  and  28  percent  static  reading 
error  rate  for  the  respective  dials.  These  error  rates  are 
roughly  comparable  to  the  static  control  conditions  where  33.6 
percent  total  errors  was  established  for  the  400  range  dial  and 
3.98  percent  total  errors  for  the  50  range  dial.  A  comparison 
of  the  vibration  data  presented  in  Figure  208  with  the  Kappauf 
amd  Smith  data  and  control  condition  static  error  rates  indi¬ 
cates  that  the  "difficult"  400  range  dial  was  more  severely 
affected  by  vibration  than  was  the  "easy"  50  range  dial. 

Tests  of  significance  were  not  performed  on  the  "easy"  50 
ramge  dial  due  to  a  J-shaped  and  mar)cedly  heterogeneous  distri¬ 
bution  of  scores  which  violate  the  assumptions  of  the  analysis 
of  variance  (non- parametric  analysis  was  considered  inappropri¬ 
ate)  .  It  is  observed,  however,  from  Figure  208,  for  the  50 
range  dial  that  vibration  had  essentially  no  effect  at  ±1.2gx  and 
very  little  effect  at  ±2.0g  in  comparison  with  the  control  con¬ 
dition.  An  analysis  of  variance  for  the  "difficult"  400  range 
dial  for  both'  total  and  gross  errors  produced  significant 
differences  for  acceleration  amplitude,  but  not  for  frequency. 

A  statistical  comparison  of  the  400  range  vibration  scores  with 
the  control  (static)  condition  indicated  that  (1)  the  total 
error  criteriorK  led  to  significantly  (.01  level)  more  errors  for 
all  vibration  conditions,  and  (2)  the  gross  error  criterion  for 
±1.2gjj  at  6cps  and  for  all  of  the  2.0g^  vibration  condition  led 
to  significantly  (.01  level)  more  errors  them  the  control  con¬ 
dition.  The  results  of  this  study,  therefore,  suggest  that 
perfoimance  with  the  "easy"  50  range  dial  was  not  affected  by 
the  vibration  condition  tested,  while  reading  errors  with  t.he 
"difficult"  400  range  dial  varied  directly  with  the  amplitude  of 
acceleration.  Frequency  did  not  produce  significant  differences, 
in  the  data. 

After  interpreting  and  reporting  the  results  of  this  study, 
Taub  concluded  that  a  high  subject  variability  may  have  obscured 
some  of  the  true  effects  in  the  experiment.  Ke  t.herefore 
decided  to  partially  replicate  the  first  study  using  sixteen 
subjects  (thirteen  from  previous  study)  .  Conditions  were  ve  . 
similar  to  those  previously  reported,  except  that  only  the 
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Frequency  (Hertz) 


Figure  209.  Errors  as  a  Function  of  Frequency  for 
Vibration  in  the  X-Axis.  (Adapted  frora  Ref.  327) 


"difficult*  400  range  dial  was  tested  at  a  single  vibration 
amplitude  of  ±1.2gx.  There  were  soine  additional  procedural 
differences  involving  run  tines  and  rest  periods,  but  they  will 
not  be  elaborated  here.  Under  the  changed  conditions,  an 
analysis  of  variance  of  the  results  indicated  that  frequency  weis 
a  significant  source  of  variance  for  both  total  and  gross  error 
scores  (Figure  209).  Performance  was  p>oorest  at  the  11  Hertz 
frequency.  Further  statistical  analysis  indicated  that  all 
vibration  conditions  for  both  total  and  gross  criterion  produced 
significant  (.05  level)  increases  in  error  scores  in  oosparison 
to  the  control  mean. 

Taub  concluded  froE  the  coobined  results  of  these  two 
similar  experiments  that,  in  general,  performance  was  affected 
by  the  difficulty  of  the  tas)c,  level  of  acceleration  and  fre¬ 
quency  of  vibration  (with  performance  being  poorest  at  11  Hertz) . 

Claurke  et  al.  (Ref.  72)  also  studied  dial  reading  perform¬ 
ance  for  conditions  of  vibration  and  acceleration  presented 
simultaneously  to  subjects  rotated  on  the  NASA  Ames  Centrifuge. 
This  effort  was  concerned  primarily  with  the  combined  effect  of 
the  vibration  and  acceleration  parameters  generated  by  the 
booster  motors  of  aerospace  vehicles.  Utilizing  the  Ames  five 
degree  of  motion  centrifuge,  a  sustained  l.Sg^j  acceleration  was 
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Figure  210.  Power  Density  Spectrum  of  Vibration 
Input  Acceleration. 

(This  figure  shows  that  an  acceleration  of  13. OG^ 
contained  third  and  fifth  harmonies  which  comprised 
approximately  45%  of  the  input  signal.  In  other 
words,  where  the  vibration  amplitude  was±3.0Gx 
the  11  Hertz  component  was  only  il,^5G^T) 


generated  in  conjunction  with  a  hydraulically  produced  vibration. 
Figure  210  indicates  the  power  density  spectrum  of  the  vibration 
input  acceleration.  It  is  noted  from  this  figure  that  the 
frequencies  of  11,  33  and  55  Hertz  accsaunted  for  95  percent 
of  the  total  power. 

The  dials  tested  and  the  performance  measures  used  were  the 
same  as  those  reported  for  the  previous  Taub  (Bef.  327)  study. 

The  dials  were  tested  at  a  viewing  distance  of  21  inches  with  an 
ambient  illumination  at  the  dials  of  34  Ft.  Candles.  At  this 
viewing  distance  the  ”easy”  dial  graduation  markers  subtended  a 
visual  angle  of  144.98  minutes  of  arc  and  the  scale  \mits  29 
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Figure  211.  Summary  of  Mean  Error  Scores  as  a  Function 
of  the  Experimental  Conditions. 


minutes  of  circ;  the  "difficult"  dial  subtended  18.1  minutes  of 
arc  for  the  graduation  markers  and  3.63  minutes  for  the  scale 
units.  Five  vibration  conditions  were  tested  for  each  of  the 
two  dials.  The  vibration  levels  (combined  in  each  caise  with  the 
3.85  Gx  bias)  were  ±1.2gxf  ±1.6gx»  i2.0gx,  and  i3.0gx  for  the 
easy  dial  (50  by  5)  and  ±0.8gx,  ±1.2g„,  ±1.6g„  ,  ±2.0g„,  and 
±2.4g^  for  the  difficult  dial  (400  x  5) .  Only  three  or  these 
conditions  overlap  for  comparing  performance  on  the  two  dial 
tasks.  The  dials  were  tested  at  a  viewing  distance  of  21  inches 
with  an  ambient  illumination  at  the  dials  of  34  Ft.  Candles. 

Following  three  days  of  practice,  6  subjects  were  tested  on 
each  of  the  vibration  conditions.  Figure  211  presents  the  dial 
reading  data  for  each  of  the  vibration  conditions  and  the  con¬ 
trol  condition  (no  vibration) .  It  is  immediately  obvious  that 
there  is  a  large  difference  in  total  errors  for  the  two  dial 
tasks,  and  that,  generally  speaking,  increasing  the  amplitude  of 
vibration  produced  corresponding  increases  in  both  total  and 
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gross  errors  for  the  difficult  dial  tasks  and  no  effect  for 
total  errors  with  the  easy  dial  (total  and  gross  errors  were 
ccanputed  in  the  Scune  manner  as  in  the  preceding  Taub  study)  .  N'o 
effect  on  performance  was  noted  for  gross  errors  on  the  difficult 
dial  until  the  +1.6g^  vibration  condition  was  encountered. 

No  statistical  analysis  of  the  data  was  performed  for  the 
easy  dial  due  to  the  small  number  of  performance  errors  obtained 
for  this  condition.  For  the  difficult  dial  the  ±1.6gjj  (P<.05), 
±2.0gx  (P<.01)  and  ±2.4gx  (P<.01)  vibration  levels  produced 
significantly  more  performance  errors  than  the  control  condition. 

Initially,  the  intention  of  this  study  was  to  make  compari¬ 
sons  with  the  previous  Taub  (Ref.  327)  study  for  the  11  Hertz 
and  ±1.2gx  and  ±2.0gx  vibrations  conditions.  Unfortunately, 
however,  the  approximately  50  percent  distortion  (see  Figure 
210)  of  the  11  Hertz  vibration  and  various  methodological 
problems  for  this  study  sufficiently  altered  the  independent 
conditions  to  make  such  a  comparison  unrealistic.  These  same 
limitations  also  restrict  any  true  quantitative  evaluation  of 
the  results,  although  it  appears  that  in  a  strictly  qualitative 
sense,  dial  reading  errors  were  inversely  related  to  the  arc 
length  of  the  interval  between  dials  and  directly  related  to 
the  anqilitude  of  vibration. 


ACCELERATION 

Introduction 

"With  the  development  of  high-speed  airplanes,  the 
problem  of  the  effects  on  the  individual  of  forces 
associated  with  extreme  acceleration  have  become 
increasingly  important.  These  effects  range  from 
impairment  of  vision  and  motor  abilities  to  uncon- 
sciovisness  and  damage  to  body  structure"  (Ref.  33^  . 

Vision,  in  particular,  in  comparison  to  other  sense  modali¬ 
ties,  is  affected  by  acceleration,  and  should  be  considered 
separately  from  the  l^u:ger  topic  of  acceleration  effects  on 
human  performance  when  evaluating  the  primarily  visual  electron¬ 
ic  display  interface  (Ref.  50) .  The  literature  on  the  effects 
of  acceleration  on  vision, can  be  summarized  under  two  major 
headings.  The  first  of  these  covers  the  subjective  reports  of 
the  gross  effects  of  acceleration.  The  second  covers  the 
results  of  the  use  of  objective  measures  to  determine  the  effect 
of  acceleration  on  visual  parameters  such  as  visiaal  grayout  or 
blackout,  visual  fields,  dial  reading,  brightness  discrimination 
thresholds  eind  visual  acuity.  Studies  using  objective  measure¬ 
ments  of  the  degradation  in  these  visual  parameters  introduced 
by  various  configurations  of  acceleration  will  be  the  primary 
data  source  for  meeting  the  expressed  objective  of  developing 
qualitative  design  guidelines. 
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Visual  Grayout  or  Blackout 


Grayout  amd  blackout  are  two  of  the  principal  effects 
produced  by  higher  levels  of  acceleration.  Cochran  et  al. 
(Ref.  76)  established  thresholds  on  1,000  subjects  exposed  to 
positive  acceleration  (Table  113). 


Table  113.  Thresholds  for  Positive  Acceleration. 
(Adapted  from  Ref.  76) 


Criterion 

Mean 

Threshold 

(g) 

Standard 

Deviation 

(g) 

Range 

(g) 

Loss  of  Peripheral 
Vision 

4.1 

±0.7 

2.2  -  7.1 

Blackout 

4.7 

±0.8 

2.7  -  7.8 

Dnconsciousness 

5.4 

±0.9 

3.0  -  8.4 

Visual  Fields 

White  and  Monty  (Ref.  350)  report  that  at  4.4g  (range  of 
3g  to  6.5g)  the  visual  field  is  narrowed  to  an  arc  of  less  than 

46°. 


Reaction  Time 


The  reaction  time  stvidies  are  not  reviewed  here  for  two 
reasons.  First,  reaction  time  does  not  truly  meet  the  expressed 
objective  of  this  review,  which  is  to  present  design-oriented 
data  on  the  acceleration  produced  degradation  in  visual  para¬ 
meters.  And  secondly,  the  results  for  reaction  time  studies  are 
contradictory,  inconsistent  and  generally  not  resolved  into 
consistent  design-oriented  data.  Brown  (Ref.  47)  states, 

"there  is  wide  varicibility  in  the  effect  of  accelera¬ 
tion  on  reaction  time,  emd  it  seems  reeisonable  to 
believe  there  is  an  actual  increase.  The  discrep¬ 
ancies  in  results  may  well  be  related  to  different 
interpretations  on  the  part  of  different  investiga¬ 
tors  .  ■ 


Dial  Reading 

White  and  Riley  (Ref.  351)  performed  a  study  to  determine 
if  a  pilot's  ability  to  read  aircraft  instrument  dials  at 
various  brightness  levels  is  impaired  by  an  accelerative  force 
less  than  that  required  to  produce  temporary"  blindness.  Using 
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the  Wright  Air  Development  Center  hunan  centrifuge,  these 
authors  examined  instrument  reading  performance  using  apparatus 
and  procedures  developed  by  Chalmers,  Goldstein  amd  Kappauf 
(Ref.  61).  This  involved  the  examination  of  two  types  of  dials, 
both  with  a  range  of  0  to  100  over  the  full  dial  circnimference. 
One  dial  type  was  graduated  in  units  of  ofte  and  the  other  type 
dial  in  units  of  five.  Six  visually  screened  (20/20  or  better 
uncorrected  visual  acuity  in  both  eyes)  subjects  wearing  csu-3/p 
anti-g  suits  viewed  these  dials  at  a  28  inch  viewing  distance 
with  illumination  levels  of  .42,  4.2,  .42,  and  0.004  millilanberts 
and  accelerations  of  0  (stationary  centrifuge),  1,  2,  3  and  4  gs. 

Figure  212  presents  percent  reading  error  for  the  above 
conditions.  The  reading  error  percentages  presented  in  this 
figure  are  calculated  where  all  errors  are  equal  regardless  of 
magnitude  (am  error  of  one  unit  in  reading  counted  as  much  as  an 
error  of  ten  units)  .  These  data  indicate  that  at  the  highest 
luminance  level  there  are  no  differences  in  percentage  of  errors 
for  the  acceleration  conditions  tested.  For  the  three  highest 
illumination  levels  amd  accelerations  up  to  3  g,  there  were  no 
significant  differences  in  the  percentage  of  errors.  At  the  two 
lower  luminance  levels,  errors  are  inversely  related  to  acceler¬ 
ation.  Errors  increased  systematically  with  decreasing  lumi¬ 
nance  at  the  4  g  acceleration.  Ho  performamce  difference 
existed  between  the  static,  1  and  2  g  acceleration  conditions. 
Also,  no  reading  error  performance  difference  existed  between 
the  dials  grauluated  in  units  and  the  dials  graduated  in  fives. 

White  and  Riley  report  that  their  findings  are  substantial¬ 
ly  in  agreement  with  Warrick  and  Lund's  (Ref.  341)  earlier  study 
on  the  effects  of  moderate  levels  of  acceleration  on  the  ability 
to  read  instrument  dials.  Warrick  and  Lund  found  that  dial 
reading  errors  increased  from  18  percent  at  1.5  g  to  24  percent 
at  3  g.  Illumination  levels  and  control  conditions  were  not 
reported  in  this  study,  so  useful  comparisons  with  the  White  and 
Riley  results  are  not  possible.  However,  both  of  these  investi¬ 
gations  determined  that  impairment  of  instrument  reading  ability 
occur  with  positive  g  prior  to  acceleration  induced  blackout. 


Brightness  Discrimination  Thresholds 

Acceleration  Ccin  interfere  with  optical  imagery,  reduce  the 
oxygen  content  of  the  blood,  «md  interfere  with  blood  flow  to 
the  eyes  (Ref.  346) .  Braunstein  and  White  (Ref.  44)  performed  a 
study  to  examine  the  effects  these  physio.logical  stresses  would 
have  on  a  fundamental  test  of  visual  functioning  such  as  bright¬ 
ness  discrimination.  Five  subjects  wearing  g-suits  monocular ly 
viewed  an  achromatic  circular  target  and  background  at  a  28  inch 
viewing  distance.  The  target  subtended  a  visual  angle  of  1°  28' 
and  the  background  8°  4'.  Brightness  discrimination  thresholds 
were  determined  for  positive  acceleration  levels  of  1,  2,  3  and 
5  g,  and  background  luminances  of  0.03,  0.29,  2.9  and  31.2  Ft. 
Lamberts. 
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Porcont  Roadlnqn  in  Error 


Acceleration  in  G  Units 


Figure  212.  Reading  Errors  as  a  Function  of  Acceleration 
and  Lmainance  Levels.  (Adapted  froa  Ref.  351) 
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Figure  213  presents  the  brightness  discrimination  thresh¬ 
olds  in  percent  contrast  for  the  positive  acceleration  and 
illumination  levels  tested.  These  data  indicate  that,  in 
general,  an  increase  in  contrast  is  required  to  detect  the 
target  with  increased  acceleration.  The  dimmest  background 
lumincuice  of  0.03  Ft.  Lamberts  required  the  greatest  increase. 

At  this  level,  15.6  percent  contrast  was  required  to  detect  the 
target  at  5  g  as  compared  to  9.4  percent  at  1  g.  At  the  bright¬ 
est  background  luminance  of  31.2  Ft.  Lamberts,  the  5  g  accelera¬ 
tion  condition  required  5.8  percent  contrast  while  the  1  g  level 
required  2.8  percent  contreist.  Thus,  the  brighter  background 
luminance  required  the  smaller  increase  in  percent  contrast  to 
maintain  threshold.  The  following  conclusion  W2is  presented  in 
this  report,  and  appears  to  develop  a  reasonable  approach  for 
making  brightness  discriminations  under  conditions  of  increasing 
positive  accelerat.ion: 

"Displays  requiring  the  detection  of  an  increment  in 
brightness,  such  as  radar  CRT  displays,  which  are 
adequate  in  the  normal  gravitational  environment,  may 
prove  inadequate  when  the  observer  is  subjected  to 
gravitational  stress.  Alteration  of  either  of  two 
parameters  of  such  displays  may  eliminate  this  diffi¬ 
culty.  A  generally  brighter  display,  with  targets  of 
the  same  contrast  (percentage  of  increased  brightness) 
will  show  greater  resistance  to  the  effects  of  accelera¬ 
tion.  Increased  target  contrast  will  also  overcame  the 
effects  of  acceleration,  for  the  same  background 
brightness  (Ref.  44)." 


Acceleration  in  G  Units 


Background  Luminance 


(A) 

0.03 

Ft.  .L. 

(B) 

0.29 

Ft.  L. 

(C) 

2.90 

Ft.  L. 

(D) 

31.20 

Ft.  L. 

Figure  213.  Relationship  of  Brightness  Discrimination 
Threshold  to  Level  of  Positive  Acceleration  for  Four 
Background  Lumincince  Levels.  (Adapted  from  Ref.  44) 
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Visual  Acuity 


Vision  is  the  sense  most  obviously  affected  by  acceleration; 
excessive  acceleration  can  cause  visual  blackout  and  even  uncon¬ 
sciousness.  Before  these  laore  dramatic  changes  occur,  however, 
a  number  of  more  subtle  changes  occur  characterized  by  raised 
thresholds  and  the  limitation  of  acuity,  first  peripherally,  euid 
then  centrally.  These  visual  effects  arise  not  only  because  of 
the  extent  and  duration  of  the  acceleration,  but  also  because  of 
the  rate  at  which  it  is  applied.  Smedal  et  al.  (Bef.  313) 
demonstrated  that  blackout  occtirs  at  3.7  g  if  a  centrifuge  is 
accelerated  quickly,  vrhereas  moderate  acceleration  resulted  in 
blackout  at  approximately  5.6  g's. 

The  degradation  of  visual  acuity  occurs  first  in  the  peri¬ 
pheral  portion  of  the  eye,  gradually  extending  with  increasing 
acceleration  to  the  central  portion  of  the  eye.  Mercier,  et  al. 
(Ref.  236)  suggest  that  the  final  part  of  the  visual  field  to  be 
lost  is  the  area  included  between  the  fixation  point  and  the 
blind  spot.  He  attributes  the  last  effect  to  the  anatomical 
distribution  of  the  retinal  arteries. 

Riley  and  White  (Ref.  277)  examined  the  effect  of  painel 
brightness  on  this  loss  of  acuity.  They  used  accelerations  of 
2  to  5  g's  and  maximum  panel  brightness  of  42  millilamberts  and 
foimd  that:  (1)  at  maximum  luminance  levels,  the  twelve  subjects 
produced  few  errors  up  to  approxiioately  3  g,  (2)  at  the  lower 
luminance  levels,  the  error  rate  increased  in  proportion  to  the 
level  of  g,  but  in  eui  inverse  proportion  to  the  luminance  level 
(greater  degradation  at  smaller  luminance  levels,  and  less 
degradation  at  higher  luminance  levels) ,  (3)  four  g's  resulted 

in  a  systematic  increase  in  error  rate  at  all  lumincuice  levels. 

It  is  apparent  from  this  study  that  reading  errors  are  a  function 
of  both  the  luminance  of  the  display  and  the  level  of  accelera¬ 
tion. 


In  a  series  of  experiments.  White  and  Jorve  (Ref.  349) 
attempted  to  describe  the  relationship  between  visuad.  acuity  and 
acceleration  (positive  and  negative  acceleration).  In  an  effort 
to  reduce  the  effect  of  reduced  cerebral  circulation,  the  body 
positions  for  the  six  subjects  were  systematically  varied.  This 
vauriation  in  body  position  also  allowed  for  the  examination  of 
the  mechanical  effects  of  acceleration  on  the  eyeball. 

Their  data  indicate  that  visual  acuity  decre£ised  progres¬ 
sively  as  the  intensity  of  the  accelerating  force  was  increased 
cibove  1  g.  The  data  for  both  the  positive  and  negative  accelera¬ 
tion  are  plotted  in  Figure  214.  The  results  were  interpreted  by 
White  and  Jorve  to  indicate  that  the  crystalline  lenses  of  the 
eye  were  displaced  in  the  direction  of  the  accelerating  vector. 
They  suggest  that  at  7  g,  the  size  of  the  target  must  be  twice 
that  of  1  g  if  it  is  to  be  seen  at  all. 
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White  (Ref.  348)  reported  a  study  by  White  and  Felder  which 
examined  the  effects  of  positive  acceleration  on  the  interaction 
of  visual  acuity  and  luminance  levels.  Under  the  acceleration 
stress  of  1  g,  the  expected  decrease  in  visual  threshold  with 
increased  illumination  was  found.  Repeating  the  above  measure¬ 
ment  for  the  same  five  subjects  under  3  g  and  again  under  4  g 
stress,  the  following  relationships  were  found  to  hold:  (1)  Ac¬ 
celeration  had  a  significant  and  progressive  effect  on  visual 
acuity  at  all  luminance  levels.  This  effect  was  most  noticeable 
at  low  luminous  levels.  (2)  At  a  luminance  of  0.01  mL,  the  mini¬ 
mum  angle  increased  from  4.0  minutes  of  arc  at  1  g  to  7.59 
minutes  of  ^trc  under  4  g  stress.  (3)  At  a  luminance  level  of 
150  aL,  the  change  in  visual  angle  between  1  and  4  g  was  0.25 
minutes  of  arc. 

Conclusions 


Acceleration  degrades  observer  visual  performance,  and  the 
extent  of  the  degradation  is  a  function  of  the  magnitude  lumi¬ 
nance  level  of  the  display  during  acceleration.  At  lower 
Iviminance  levels  (0.01  to  approximately  100  mL)  acuity 


Acceleration  in  G  Units 


Figure  214.  Visual  Acuity  as  a  Function 
of  Acceleration,  (Adapted  from  Ref.  349) 


degradation  is  progressively  worse  with  increasing  acceleration - 
At  higher  luminance  levels,  the  degradation  is  present,  but  less 
significant  until  the  stress  reaches  4  g's,  at  which  point 
acuity  deteriorates  rapidly,  regardless  of  the  luminance  level - 


RESEARCH  RECOMMENDATiaNS 

Ambient  Illumination 


Available  measurements  of  atmospheric  ambient  illumination 
have  fairly  well  established  that  maximum  illuminance  on  earth 
from  the  sun  is  approximately  11,000  Ft.  Candles.  Additionally, 
selected  measurements  of  sky,  cloud  and  horizon  luminances  are 
available,  but  the  degree  of  consistency  among  the  measurements 
appears  to  suffer  due  to  frequent  failure  to  specify  environ¬ 
mental  conditions  prevailing  while  the  measurements  were  made. 
Finally,  no  photometric  measurements  were  found  which  established 
luminance  levels  for  the  tops  of  clouds  viewed  from  above  at 
various  times  of  day.  Similarly,  no  data  were  reviewed  which 
would  allow  for  the  development  of  relative  frequency  distribu¬ 
tions  relating  the  percent  of  the  daytime  period  during  which 
various  cimbient  illiimination  levels  are  observed  as  a  function 
of  selected  environmental  atmospheric  conditions. 

Prior  to  undertaking  direct  photometric  measiarements ,  it  is 
recommended  that  the  relevant  literature  associated  with  the 
field  of  astronomy  should  be  reviewed  with  the  objective  of 
obtaining  the  type  of  luminance  data  discussed  above.  Luminance 
data  should  be  obtained  for  the  mid-summer  season  and  should 
cover  the  following  conditions:  Altitude  from  sea  level  to 
100,000  feet;  time  of  day  from  first  light  to  last  light;  clear 
sky  positions  from  horizon  to  horizon  throughout  a  360  degree 
heading  range;  and  overcast  conditions  including  measurements 
made  above  and  below  the  overccist  as  well  as  in  the  overcast. 

For  each  of  the  above  conditions,  appropriate  seimpling  of  each 
range  must  be  considered  in  a  practical  sense.  It  would  also 
appear  highly  desiradile  to  locate  or  develop  a  mathematjcal 
model  for  determining  ambient  illumination  levels.  If  it  is 
found  that  such  data  and  models  do  not  exist  in  the  astronomy 
literature,  it  is  recommended  that  direct  photometric  measure¬ 
ments  be  made.  Such  data,  used  in  conjunction  with  design  data 
relating  to  display  location  and  cockpit  geometry,  would  allow 
for  accurate  determinations  of  illuminance  levels  incident  upon 
electronic  display  faces  as  well  as  the  time  durations  of  time 
during  which  the  various  luminance  levels  could  be  anticipated. 

Vibration 


All  pilots  flying  aircraft  are  exposed  to  some  degree  of 
vibration.  In  some  aircraft  the  effects  of  this  vibration  are 
negligible;  in  others,  vibration  is  cited  as  the  major  limiting 
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factor  in  vehicle  systems  performance  (Ref.  170) .  Vibration  has 
becciae  a  subject  of  great,  concern  because  of  the  increasing 
number  of  low  altitude,  high  speed  aircraft  such  as  helicopters 
and  terrain  avoiding  fighter-bombers.  These  aircraft  are  known 
to  produce  ride  environments  which  expose  their  crews  to  oscil¬ 
lations  from  the  propulsion  syst^,  airframe  structural 
flexibility,  and  aerodynamic  gusts  (Ref.  173)  .  Homick  (Ref. 

173)  reported  that  vibration  for  these  low  altitude  high  speed 
aircraft  is  likely  to  be  randcmi  in  frequency  and  amplitude  with 
an  anticipated  peak  energy  expected  for  frequencies  around  1, 

3,  6  and  10  Hertz.  The  range  of  10  to  30  Hertz  has  been 
repozrted  by  Ketchel  et  al.  (Ref.  205)  to  be  the  BX>st  detrimental 
to  visual  performance,  although  frequencies  above  and  below  this 
band  can  cause  decrements. 

It  is  re  commended  that  primary  consideration  be  given  to 
vibration  i]iq>osed  on  subjects  which  are  normally  seated  and 
restrained  for  the  aircraft  being  considered.  Vibration  para¬ 
meters  tested  should  include  a  frequency  range  from  3  to  35  Hertz 
and  magnitudes  from  a  minimum  of  .3  g  to  a  maximum  of  3  g. 

Visual  performance  tasks  under  environiKntal  vibration  conditions 
should  include  legibility  tests  of  electronically  generated 
symbology,  alphanuaerics,  scales  and  brightness  discrimination. 
Each  of  these  tasks  should  be  tested  under  a  variety  of  bright¬ 
ness,  contrast  and  symbol  characteristics  (see  research 
requirements  for  sections  of  these  same  names  for  ranges  of  the 
vauriables  to  be  tested  under  vibration  conditions) . 

Acceleration 


"Engineering  advances  during  recent  years  have  made 
possible  aircraft  that  can  withstand  tremendous 
structural  strains  over  long  periods  of  time 
(minutes) ,  but  under  such  tension  the  performance 
of  their  human  operators  may  be  handicapped  by  gross 
disturbances  of  circulation,  visitm  and  conscious¬ 
ness  (Ref.  349)." 

No  operationally  acceptable  research  relating  the  degrada¬ 
tion  in  electrcmic  display  legibility  to  conditions  of  accelera¬ 
tion  is  currently  available  in  the  literature.  The  previous 
section  presented  evidence  which  relates  conditions  of  accelera¬ 
tion  to  various  basic  psychological  and  non-electronic  display 
performance  data.  Test  parameters  used  in  these  studies  indi¬ 
cate  that  acceleration  levels  between  1  and  5  g's  would  be 
appropriate  for  preliminary  electronic  flight  display  perform¬ 
ance  tests.  This  range  of  acceleration  should  be  investigated 
for  the  following:  symbol  legibility,  scale  legibility,  bright¬ 
ness  discrimination,  visual  acuity  and  hue  discrimination.  Each 
of  the  above  should  be  tested  under  a  variety  of  brightness, 
contrasty  and  resolution  conditions.  See  appropriate  sections 
of  this  report  for  ranges  of  these  varicd>les. 
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